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The Degradation of some Bz-Substituted Tryptophans 
by Escherichia coli Tryptophanase 


By A. N. HALL, J. A. LEESON, H. N. RYDON anp J. C. TWEDDLE 
Chemistry Department, Manchester College of Science and Technology, Manchester 1 


(Received 4 June 1959) 


The present paper is the second in a series designed 
to correlate substrate structure with the kinetic 
constants of enzyme-catalysed reactions and thus 
throw light on the nature of the attachment of the 
substrate to the enzyme. 

Since the preparation of the first paper (Nath & 
Rydon, 1954), which describes the influence of 
structure on the hydrolysis of substituted phenyl- 
B-p-glucosides by emulsin, investigations of a 
similar nature have been reported by Gawron, 
Grelecki & Duggan (1953) on the hydrolysis of 
substituted phenyl acetates by wheat-germ lipase 
and by Dodgson, Spencer & Williams (1956) on the 
hydrolysis of substituted phenyl sulphates by the 
arylsulphatase of Alcaligenes metalcaligenes. 

Selection of the tryptophanase system for the 
current study stems from the observation of 
Anderson (1945) that 5-methyltryptophan is 
inhibitory to the growth of Escherichia coli and 
from the demonstration by Fildes & Rydon (1947) 
that the four Bz-methyltryptophans are decreas- 
ingly effective as inhibitors of Salmonella typhi in 
the order 4-methyl-, 5-methyl-, 6-methyl- and 7- 
methyl-tryptophan and are also competitive with 
tryptophan. The growth-inhibitory properties of 
the methyltryptophans have been examined 
rather more recently by other workers (Marshall & 
Woods, 1952; Akiba & Arai, 1951; Beerstecher, 
1954; Trudinger & Cohen, 1956). 

The formation of 5-methylindole from 5-methyl- 
tryptophan in the presence of a suspension of viable 
cells of EH. coli was studied by Beerstecher & 
Edmonds (1951). According to these workers 5- 
methyltryptophan is degraded only in the presence 
of small amounts of tryptophan or indole. The 
reaction was considered, therefore, to be auto- 
catalytic in the presence of tryptophan. While the 
present work was in progress Trudinger & Cohen 
(1956) demonstrated the formation of 4-methyl- 
indole from 4-methyltryptophan by tryptophanase- 
containing extracts of EH. coli cells and cited 
evidence in favour of the view that the decomposi- 
tions of tryptophan and of 4-methyltryptophan 
are catalysed by the same enzyme system. Mention 
should also be made of preliminary observations on 
the action of tryptophanase on substituted methyl- 
tryptophans by Dr D. Herbert (see Fildes & Rydon, 
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1947) and by R. B. Beechey & F. C. Happold 
(personal communication). The order of efficacy of 
the Bz-methyltryptophans as substrates for trypto- 
phanase was given by Herbert (in decreasing 
order) as 4-methyl-, 6-methyl-, 5-methyl- and 7- 
methyl-tryptophan. Beechey & Happold found 
the same order of reactivity at low concentrations 
of substrate, but at higher concentrations the posi- 
tions in the series of 4-methyl- and 6-methy]l- 
tryptophans were interchanged. 

We describe below the determination of the 
equilibrium (affinity) constant, K, (= k,/k,), which 
controls the formation of the enzyme-substrate 
complex, and the first-order velocity constant, k, 
for the breakdown of this complex into enzyme and 
products in the degradation of L-tryptophan and 
eight of its substitution products (4-, 5-, 6- and 7- 
methyl- and 4-, 5-, 6- and 7-chloro-) by cell-free 
tryptophanase and by washed cell suspensions of 
E. coli. 


MATERIALS AND METHODS 


Preparation of indoles and tryptophans 


The 4-, 5- and 6-methylindoles were prepared according to 
the methods of Marion & Oldfield (1947) and of Rydon 
(1948a). 7-Methylindole was a commercial product. The 
4-, 5-, 6- and 7-methyltryptophans were prepared in the 
first instance according to Rydon (1948a), further quanti- 
ties being prepared by the procedures of Snyder, Beilfuss 
& Williams (1953). The four Bz-chloroindoles and the 
derived Bz-chlorotryptophans were made available by the 
work of Rydon & Tweddle (1955). 


Analytical methods 


Indole and Bz-substituted indoles. The quantities of these 
compounds produced in the degradations of tryptophan 
and the substituted tryptophans respectively were esti- 
mated by means of the Ehrlich reaction. The rosindoles 
produced by interaction of the indoles with p-dimethy]- 
aminobenzaldehyde were estimated colorimetrically with a 
Spekker photoelectric absorptiometer and an _ Ilford 
Spectrum yellow-green filter no. 605 (wavelength of peak 
transmission 550 my). 

The procedure used required the addition of 5 ml. of 
p-dimethylaminobenzaldehyde reagent, prepared by dis- 
solving 4 g. of p-dimethylaminobenzaldehyde in a mixture 
of 380 ml. of ethanol and 80 ml. of cone. hydrochloric acid 
(Cunningham, 1947), to the reaction mixture (5 ml.). After 
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the colour had been allowed to develop to its maximum 
value, for a previously determined time which was different 
for different indoles and for different experimental condi- 
tions, the extinction was read, usually in a lcm. cell, 
against a blank treated in the same manner as the reaction 
samples. It was advantageous to read the colours produced 
by the chloroindoles in 2 cm. cells. At the time of each 
experiment reference curves were constructed for the 
appropriate indoles in the range up to 0-075 mm in the 
presence of trichloroacetic acid and enzyme extract or 
washed cell suspension. 

Total nitrogen. The total nitrogen content of enzyme 
extracts and of washed cell suspensions was determined by 
the Kjeldahl procedure, with selenium as catalyst. The 
ammonia produced was liberated by adding conc. aq. 
sodium hydroxide, steam-distilled into 2% boric acid 
solution and finally titrated with 0-01 N-hydrochloric acid 
in the presence of the mixed indicator recommended by 
Klein (1947). 


Preparation of enzyme extracts 


(1) From acetone-dried cells of E. coli. Cultures (6 hr.) of 
E. coli in a medium consisting of tryptic digest of casein 
(Davis, 1939) and pL-tryptophan (25 mg./I.) at pH 7-4 were 
used to inoculate 300 ml. portions of the same medium 
solidified with agar (44%, w/v) and contained in enamelled- 
metal trays (surface area, 940 sq.cm.) fitted with alu- 
minium covers. After incubation at 37° for 18 hr. the cells 
were harvested by washing from the agar surfaces with 
sterile aq. 0-9% sodium chloride (about 20 ml./tray). The 
cells were collected by centrifuging, suspended in water and 
then acetone-dried according to the method of Dawes & 
Happold (1949); the average yield of acetone-dried cells 
was 320 mg./tray. A supply of several grams of acetone- 
dried cells was prepared and stored over calcium chloride 
until required for use. Tryptophanase was extracted from 
acetone-dried cells with 0-8 M-potassium chloride containing 
pyridoxal phosphate (100yg./ml.) under the conditions 
recommended by Dolby, Hall & Happold (1952). The in- 
corporation of pyridoxal phosphate into the potassium 
chloride solution was shown to lead to extracts of consider- 
ably higher activity than those prepared in its absence, 
owing to stabilization of the enzyme against thermal in- 
activation. Moreover, in an investigation such as the 
present one, it is clearly desirable that the apoenzyme 
should not only be protected so far as possible against 
thermal inactivation, but also be fully saturated with 
coenzyme. 

Enzyme extracts were usually prepared on the day 
before use and stored at — 20°. The frozen extracts were 
allowed to thaw when required, care being taken to ensure 
that the temperature never exceeded 2°. Extracts were 
then diluted with 0-8m-potassium chloride at 0° to give 
the required activity and maintained at this temperature 
during the course of an experiment. On several occasions 
the activities of diluted extracts were shown to remain 
constant for several hours at 0°. 

The activities of original extracts were assayed and ex- 
pressed in arbitrary units (umoles) of indole formed in 
4 min. at 37° from 2-5 moles of L-tryptophan, 0-5 mm in 
0-16m-phosphate buffer (pH 7-4), by the action of 0-1 ml. of 
extract (mean activity, 0-046 +0-001 for 13 extracts ;*mean 
nitrogen content, 0-40 mg./ml.). 
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coli in liquid casein digest-tryptophan medium (300 ml.) 
for 18 hr. at 37° the cells were collected and washed as 
described below. The cells were ground with Ballotini 
beads no. 11 (English Glass Co. Ltd., Leicester) for about 
5 min. at room temperature, by using a glass mortar and 
pestle; 0-8m-potassium chloride (20 ml.) was then added 
and extraction of the enzyme achieved by standing for 
2hr. at 37°. The suspension was finally centrifuged to 
yield a supernatant with considerable tryptophanase 
activity (N content 0-13 mg./ml.). 

Preparation of washed cell suspensions. Casein digest— 
tryptophan medium (15 ml.) was inoculated with a 6-day 
culture of Z. coli and incubated for 24 hr. at 18°. The same 
medium (50 ml.) was then inoculated with 0-01 ml. of the 
24 hr. culture. After incubation for 18 hr. at 37° the cells 
were collected by centrifuging, suspended in saline and re- 
centrifuged. The process was repeated until indole could no 
longer be detected in the washings with p-dimethylamino- 
benzaldehyde reagent. The cells were finally suspended in a 
small volume of aq. 0-9% sodium chloride to yield a stock 
suspension which was further diluted to give suspensions of 
activity suitable for use in kinetic experiments. Fresh 
stock suspensions were prepared for each experiment by 
repeating the subculturing programme. 

The determination of the extinctions and nitrogen con- 
tents of a series of cell suspensions facilitated the con- 
struction of a reference curve relating the extinctions and 
total nitrogen content (mg. of N/ml.) of cell suspensions. 
The extinctions were measured with a Spekker photo- 
electric absorptiometer by using the neutral-grey filter 
no. H508. 

Optimum conditions. The extent of degradation of trypto- 
phan and the eight Bz-substituted tryptophans in 15 min. 
at 37° by a washed cell suspension of Z. coli was measured 
at pH 7-2, 7-3, 7-4, 7-5 and 7-6; the concentrations of 
phosphate buffer and of the L-tryptophan were 0-14Mm and 
10-* respectively. All the tryptophans showed maximum 
conversion into the corresponding indoles at pH 7-4. On 
this basis all experiments were performed at pH 7-4; 
Dawes & Happold (1949) give the optimum pH of trypto- 
phanase as 7-5. 

Experiments on the formation of indole from L-trypto- 
phan showed that, within the concentration range 0-08- 
0-24, phosphate buffer has no effect on the rate of indole 
formation. 

All degradations were carried out at 37+-0-01°. 

Determination of kinetic constants for cell-free tryptophan- 
ase. Portions (4 ml.) of solutions of the tryptophan in 
0-2m-phosphate buffer, pH 7-4 (Clark & Lubs; cf. Vogel, 
1947), were distributed in duplicate in rimless test tubes 
(15-5 cm. x 1-6 cm.). The tubes were preheated at 37° for 
10 min. and 1 ml. of diluted tryptophanase extract at 0 
was added. After incubation for a time which was constant 
in any particular experiment, and sufficient to give a 
suitable yield of the indole, enzyme activity was halted by 
the addition of 0-1 ml. of 50% trichloroacetic acid solution 
for tryptophan and the methyltryptophans, and analysis 
for the indole undertaken immediately. In reactions with 
the chlorotryptophans the addition of 5 ml. of p-dimethy!- 
aminobenzaldehyde reagent served to inactivate the 
enzyme. A blank prepared by adding enzyme extract 
(1 ml.) to buffer (4 ml.) was always included in experiments, 
since correction was necessary for small amounts of protein 


whic 
chlor 
agen 

Th 
linea 
Burk 


lines 





[g60 


of E. 
) ml.) 
od as 
lotini 
bout 
- and 
dded 
g for 
xd to 
anase 


gest— 
j-day 
same 
f the 
. cells 
id re- 
ld no 
mino- 
dina 
stock 
ons of 
Fresh 
nt by 


1 con- 
. con- 
s and 
sions. 
yhoto- 

filter 


rypto- 
) min. 
sured 
ms of 
M and 
imum 

On 

7-4; 
rypto- 


‘ypto- 
0-08- 
inde le 


yphan- 
an in 
/ogel, 
tubes 
7° for 
at 0 
stant 
ive a 
ed by 
lution 
halysis 
3 with 
ethy!l- 

the 
xtract 
nents, 
rotein 


Vol. 74 DEGRADATION OF SUBSTITUTED TRYPTOPHANS 21] 


Table 1. Degradation of 6-methyltryptophan by Escherichia coli tryptophanase at 37° (pH 7-4) 


€ Enzyme concentration (g. of acetone-dried cells/l.). 
8 - Substrate concentration (moles of L-enantiomorph/l.). 
t = Reaction time (min.). 
x = 6-Methylindole formed (in 5 ml.) (moles). 
v Reaction velocity (moles/l./min.). 
Vmax. = Limiting velocity (moles/l./min.). 
K, = Equilibrium constant (1./mole). 
ks = First-order velocity constant for decomposition of enzyme-substrate complex (min.—). 
. 3 y Pp J plex ( ) 
cnzyme 
prep. € t 10459 10°x 10%v 10°V ax K, 105k; 
20 {0-028 0-51 
| 0-028 0-51 
( 0-0385 0-70) 
2. 4 | 
sed | 0-037 0-67| 
x | 
a a { 0-0505 0-92! ‘cin ; 
M, 0-20 11 4-0 |0-0473 oan 3-62 810 1-81 
7" (0-0565 1-03 
si | 0-0595 1-08 
» ( 0-0645 1-17 
6-0 | 0-0672 1-22 
(9-0 {0-0315 0-45 
| 0-0315 0-45 
a, ( 0-046 0-66 
- (0-046 0-66 
{ 0-056 0-80 
2) 5 1 . 57 
M, 0-20 14 4-0 10-056 oan 3-14 850 1-57 
is (0-062 0-89 
| 0-062 0-89 
aie (0-077 1-10 
: | 0-0745 1-06! 
2.0 {0-034 0-49 
. (0-034 0-49 
( 0-0455 0-65 
3-0 | 0-0455 0-65 
(0-059 0-84 
9 . 4 s 9-62 g 
M, 0-20 14 4-0 | 0-061 0-87 | 2-62 1130 1-31 
50 { 0-0685 0-98 
: | 0-0655 0-98 
. {0-070 1-00 
60 (0-0745 1-06 
20 pte pe 
| 0-033 0-47 
: (0-043 0-61 
3-0 10-043 061 
i ; ( 0-0565 0-81 é ai 
M, 0-20 14 4-0 10-0565 O61 2-88 970 1-44 
e ( 0-0655 0-94 
5-0 10-0655 0-94 
60 (0-076 1-09 
? | 0-076 1-09/ 
} Mean values 940 1-53 
S.E. +72 +0-11 


which were usually precipitated by the addition of tri- 
chloroacetic acid or p-dimethylaminobenzaldehyde re- 
agents. 

The values of K, and V,,,,. were calculated from the 
| linear relationship between 1/v and 1/s, (Lineweaver & 
Burk, 1934; Dixon, 1953). The slopes of the best straight 
lines relating these data were calculated by the method of 


least squares so applied as to include individual replicate 
values of v. The accuracy of each K, value was then tested 
by analysis of variance and the 
evaluated. 

Values of ks» which is the required first-order velocity 
constant k, multiplied by an unknown constant factor, 
were evaluated from the calculated values of V 


14.2 


standard deviation 


max. 
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(= kjeg); e) was expressed in arbitrary units of g. of 
acetone-dried cells/]. of enzyme extract, these units being 
used in preference to units involving the nitrogen content 
of the enzyme extracts because of the lack of correlation 
between nitrogen content and activity of extracts. The 
complete data for one typical substrate (6-methyltrypto- 
phan) are given in Table 1; the complete data for all the 
substrates are given by Leeson (1956). 

Determination of kinetic constants for washed cells of E. coli. 
To test tubes containing the tryptophan in 4 ml. of 0-2M- 
phosphate buffer (pH 7-4), preheated at 37°, were added 
1 ml. portions of a cell suspension of measured extinction. 
After incubation for the appropriate period, enzyme 
activity was inhibited by the addition of 0-1 ml. of 50% 
trichloroacetic acid solution. Before analysis for indole 
content, the reaction mixtures were clarified by centri- 
fuging for 6 min. at 4000 rev./min. Measurements were 


made, in duplicate, on three concentrations of the trypto- 
phan with reaction times of 3, 6, 9 and 12 min. The experi- 
ment was repeated with a further two or three cell sus- 
pensions differing in extinction from the first suspension. 
The values of K, were evaluated from values of K,, 
(K,= 1/K,,), which were themselves evaluated by the 
method of Veibel & Lillelund (1940), which utilizes the plot 
of 1/ky against sy. The overall velocity constants (k 9) re- 
quired in this method were calculated from the slope of the 
linear plot (drawn by the method of least squares) of the 
decadic logarithm of the concentration of unchanged sub- 
strate against time (min.). The values of kj were calculated 
from the slope of the best straight line for the plot of 1/k, 
against 8) by using the expression 1/ky = (Ky, +89)/k40q (cf. 
Nath & Rydon, 1954), ej being the concentration of 
bacterial nitrogen (g.atom of N/l.). Three values of K, and 
kj were obtained for each tryptophan. The complete data 


Table 2. Degradation of 6-methyltryptophan by Escherichia coli at 37° (pH 7-4) 


€) = Enzyme concentration (g.atoms of bacterial N/I.). 

8 = Substrate concentration (moles of L-enantiomorph/I.). 
t = Time (min.). 

x = 6-Methylindole formed (in 5 ml.) (moles). 


ky = Overall velocity constant (min.~?). 
k, = First-order velocity constant for decomposition of enzyme-substrate complex (min.—1). 
K, = Equilibrium constant (1./mole). 
10%e 10°59 t 10%x ko 105k; x, 
{ 6 0-005 
2-0 9 0-008 0-0082 
(12 0-009 J 
{ 6 0-007 
Ae Cc 5 ( . 
2-5 sis Re an mee 1390 50 000 
3 0-004 
' 6 0-008 | aiid 
10-0 9 0-012 0-0027 
12 0-023 
| 3 saat 
ai 6 0-006 ; 
sie 19 0-011 / oa 
li3 0-016 
3 0-005 
50 5-0 : caact 0-0070 | 1 060 43 000 
(12 0-023 
: 0-007 
6 0-009 
100 )9 0-019 | 0-0044 
(12 0-026 
3 0-003 
; 6 0-011 ones 
2-0 9 0-021 [ 00882 
12 0-026 
3 0-004 | 
: 026 
105 1 5.0 : cat 0-0189 1350 41 000 
\12 0-047 
( 3 0-008 
6 0-037 P 
10-0 9 seas t 0-0115 
(12 0-069 
Mean values 1 270 45 000 
+8.E. +100 +2 700 
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for one typical substrate (6-methyltryptophan) are given in 
Table 2; the complete data for all the substrates are given 
by Tweddle (1957). 


RESULTS 


The results of experiments with both the cell-free 
enzyme and with washed cells of H. coli are given 
in Table 3; they are expressed in terms of the 
affinity constant, K,(= k,/k,), for the formation of 
the enzyme-substrate complex and of the first- 
order velocity constant, k,, for the decomposition 
of the complex according to the Michaelis-Menten 
formulation: 


k, ks 
E+S 2 ES > E+P. 
kg 


The K, values recorded are all calculated in 
terms of the L-tryptophans, the Dp isomers being 
assumed to be inert. For tryptophan itself, the 
work of Woods (1935) with washed cell suspen- 
sions, and of Gooder & Happold (1954) with 
enzyme preparations, has demonstrated the in- 
ability of tryptophanase to attack D-tryptophan. 
Furthermore, according to Gooder & Happold, 
D-tryptophan does not inhibit the formation of 
indole from L-tryptophan and therefore is also 
inactive as an inhibitor. The inert nature of pD- 
tryptophan under the conditions of the present 
study was further confirmed experimentally in the 
course of the present work; indole formation from 
L- and pL-tryptophan equimolar with respect to 
the L isomer was identical with both cell-free 
tryptophanase and washed cell suspensions. 

At an early stage of the work it became apparent 
that a considerable difference existed between the 
K, values for the degradation of L-tryptophan by 
cell-free enzyme extracts and by washed cell sus- 
pensions. It was therefore desirable to ensure that 
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the treatment of washed cells of H. coli with 
acetone and certain other organic solvents does not 
adversely affect the affinity of tryptophanase for its 
substrate. In consequence, determinations of K, 
for L-tryptophan were made on an enzyme extract 
prepared according to procedure (2), which does 
not involve treatment of the cells with acetone. 
The K, values so obtained (2150 and 2350 1./mole) 
agree reasonably well with those (1920+120) 
determined by using extracts of acetone-treated 
cells (procedure 1). Although the extract prepared 
by procedure (2) was considerably more active than 
those prepared by procedure (1) and had a con- 
siderably lower nitrogen content, it was rather un- 
stable and hence not convenient for routine use. 
The lower stability of this preparation may be 
accounted for by its greater purity, since Dawes & 
Happold (1949) have found that the stability of the 
enzyme decreases on purification. 


DISCUSSION 


The K, obtained for L-tryptophan with the cell- 
free enzyme preparation (19201./mole) is of the 
same order as that (24001./mole) obtained by 
Dawes & Happold (1949) with partially purified 
tryptophanase. It appears unlikely, therefore, 
that the K, values obtained for the eight substi- 
tuted tryptophans with our impure tryptophanase 
preparation would differ greatly from those which 
would be obtained with a purified enzyme prepara- 
tion. 

In correlating the kinetic constants for the 
breakdown of Bz-substituted tryptophans with the 
substituent constants, o (Hammett, 1940), the 
latter can be chosen in two ways. If the main 
effect is on N-1 of the indole nucleus, then 4- and 6- 
substituents are to be regarded as meta substi- 
tuents, 5-substituents as para and 7-substituents as 


Table 3. Kinetic constants for degradation of Bz-substituted tryptophans 


K, = Equilibrium constant for degradation at 37° in 0-16m-phosphate buffer (pH 7-4) by (i) cell-free tryptophanase and 


(ii) washed cells of Z. coli (1./mole). 


k, = First-order velocity constant for decomposition of enzyme-substrate complex under above conditions (min.~?). 
o0 = Substituent constant. (Values for mefa- and para-substituents are from Hammett (1940); for ortho substituents, 


from Mamalis & Rydon (1955). 


Kinetic constants are mean values+s.£., followed by the number of determinations in parentheses. 


(i) Cell-free enzyme 





(ii) Washed cells 





ae tices — = See ets a 
Substituent K, 10°k?, Se 10°k;, o 
H 1 920+ 120 (6) 2-17-4.0-17 (6) 167 000+ 10 000 (10) 3 770-+200 (10) 0-000 
4-Me 350 +25 (3) 1-22 +0-11 (3) 71 000 +7 000 (3) 1 150-70 (3) ~ 0-069 (m-) 
5-Me 280 + 20 (3) 0-78 0-05 (3) 28 000 +570 (3) 720 +35 (3) - 0-170 (p-) 
6-Me 94070 (4) 1-53-L0-11 (4) 45 000-42 700 (3) 1 270-+100(3) -0-069 (m-) 
7-Me 150 +5 (3) 1-32 +0-09 (3) 20 000 + 670 (3) 610+75 (3) 0-054 (0-) 
4-Cl 1 170-445 (5) 0-78 +.0-02 (5) 309 000+ 10 000 (3) 860-10 (3) + 0-373 (m-) 
5-Cl 1 920 +50 (5) 0-55 +.0-06 (5) 221 000 +6 500 (3) 400-£3 (3) + 0-227 (p-) 
6-Cl 4750-485 (5) 0-57-£0-08 (5) 397 000 +2 700 (3) 970 £45 (3) + 0-373 (m-) 
7-Cl 370 +70 (3) 0-25 -+0-05 (3) 16 700 +700 (3) 270+ 10 (3) + 0-366 (0-) 
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ortho; if, alternatively, the main effect is exerted at 
C-3, then 5- and 7-substituents are meta, 6-sub- 
stituents para, and 4-substituents ortho. The 
logarithms of the affinity constants, K,, have been 
plotted against o with both systems; for the latter 
system the correlation is very poor; for the former 
it is better, although still not good. Clearly, the 
effect of Bz-substitution on K, is mainly exerted at 
the nitrogen atom of the indole nucleus. 

Fig. 1 shows the logarithms of K,, for degrada- 
tion by both the cell-free enzyme and washed cell- 
suspensions, plotted against o; the lines have been 
drawn by the least-squares procedure, excluding 
the points for the 7-substituents. The general con- 
clusion can be drawn that the formation of the 
enzyme-substrate complex is facilitated by the 
presence in the benzene ring of electron-attracting 
chlorine atoms and hindered by the presence of 
electron-repelling methyl groups. The marked 
deviations, in the sense of much diminished enzyme— 
substrate affinity, observed with the 7-substituents 
is clearly a steric effect, hindering approach of an 
enzyme side chain to the indole nitrogen atom, and 
lends support to the view that this atom is in- 
volved in the enzyme-substrate combination. The 
necessity for the presence of an unsubstituted 
indole nitrogen for degradation by tryptophanase 
has been shown by Gooder & Happold (1953) ; these 
workers also showed free «-amino and «-carboxyl 
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Fig. 1. Correlation of affinity constants, K,, for the com- 
bination of EH. coli tryptophanase with Bz-substituted 
tryptophans with the structures of the latter, as repre- 
sented by the Hammett constants, o, for the substi- 
tuents. x, Cell-free tryptophanase; @, washed FL. coli 

cells. 
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groups to be necessary; these findings are fully in 
accordance with the generalization (Rydon, 19486) 
that an enzyme exhibiting the type of stereo- 
specificity observed with tryptophanase must be 
attached to its substrate at, at least, three points. 

Electron-attracting and electron-repelling Bz- 
substituents will, of course, have opposite effects on 
the hydrogen-bonding power of the imino group. 
Electron-attracting groups will favour hydrogen- 
bonding, through the hydrogen atom, to a suitable 


atom in an enzyme side chain carrying a lone pair of 


electrons; this is shown for 5-chlorotryptophan in 
(I). Electron-repelling groups, on the other hand, 
will facilitate hydrogen-bonding through the lone- 
pair electrons of the imino nitrogen to a suitable 
hydrogen atom in an enzyme side chain; this is 
illustrated for 5-methyltryptophan in (II). Our 
finding that electron-attracting substituents facili- 
tate, and electron-repelling substituents hinder, 
formation of the enzyme-substrate complex indi- 
cates that the indole nitrogen is hydrogen-bonded 
to an enzyme side chain through its hydrogen atom, 
as in (I); this conclusion is in accordance with the 
mechanism of tryptophanase action put forward by 
Baker (1956). 

Plots of log k,, for both the cell-free enzyme and 
intact cells, against ¢, no matter how chosen, show 
no satisfactory correlation and are accordingly not 
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reproduced. It is, however, clear that k; has the 
highest value for unsubstituted tryptophan, both 
Bz-methyl and Bz-chloro substituents reducing the 
rate of breakdown of the enzyme-—substrate com- 
plex, which is hindered by the presence in the 
benzene ring of both electron-repelling and electron- 
attracting substituents. It appears, therefore, that 
the rate of breakdown of the enzyme-substrate 
complex is determined by two oppositely directed 
processes, one opposed by electron-repelling sub- 
stituents and one by electron-attracting substi- 
tuents. These may tentatively be identified with 
the first and second stages of the breakdown of the 
tryptophanase—pyridoxal phosphate—tryptophan 
complex (Baker, 1956). 

The K, values for every one of the nine trypto- 
phans studied are much higher for the intact cells 
than for the isolated enzyme; reference to Fig. 1 
shows that, on average, K, for the intact cell is 
about 100 times that for the isolated enzyme. This 
result is unexpected. Green (1951a) demonstrated 
that the oxidizing and phosphorylating activities 
of mitochondria are characterized by efficient co- 
ordination and by rates higher than would be 
expected on the basis of simple diffusion and 
random enzyme-substrate collision, and Peters 
(1955) found large differences between the fluoro- 
citrate sensitivity of aconitase in kidney-particle 
fractions and in purified, cell-free preparations. 
Gale (1946) showed that the decarboxylases for 
arginine, ornithine and glutamic acid exhibit a 
somewhat greater affinity for their substrates in the 
intact cell than they do in cell-free preparations; 
he interprets this as indicating that the enzyme 
is damaged during the extraction process, but 
we have no evidence for such damage during 
the extraction of tryptophanase from LH. coli 
cells. 

There are two attractive explanations for the very 
large difference in K,. First, possibly the trypto- 
phanase system may be orientated in the intact cell 
in some particularly favourable manner. This view 
would accord well with Baker’s (1953, 1956) con- 
clusion that, in the formation of the enzyme— 
substrate complex, apotryptophanase presents a 
planar surface to the reactants; this is more likely 
to be realized within the living cell than in simple 
solution. Also, according to Green (19516), there 
is evidence that some coenzymes are firmly 
attached to protein within the intact cell; this 
factor, too, might be expected to make the forma- 
tion of the enzyme-substrate easier 
within the cell than in solution. 

Secondly, it is possible that the concentration of 
substrate within the cell is greater than that in the 
surrounding medium; our results would require a 
100-fold concentration. Our present knowledge of 
the concentration of acids by micro- 
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organisms originates from the work of Gale (1947), 
who observed the concentration of a number of 
amino acids by Gram-positive bacteria. Taylor 
(1947) suggested that amino acids were not con- 
centrated by Gram-negative bacteria, but it has 
subsequently been shown that L-valine, L-methio- 
nine and L-phenylalanine (Cohen & Rickenberg, 
1955, 1956), and t-proline (Britten, Roberts & 
French, 1955), are, in fact, considerably concen- 
trated by cells of EL. coli, being in equilibrium with 
amino acids in the external medium; a supply of 
energy is, of course, required for such processes. 
The available evidence (Mitchell, 1957; Cohen & 
Monod, 1957) suggests strongly that the stereo- 
specific sites responsible for the concentration of 
amino acids in FZ. coli are catalytic (translocases or 
permeases), rather than stoicheiometric. In view 
of the close chemical similarity of tryptophan 
and phenylalanine it seems that tryptophan, 
and substituted tryptophans, may also be capable 
of being concentrated within F. coli cells, especi- 
ally as L-tryptophan can serve as an energy 
source for this organism. 


SUMMARY 


1. The degradation of tryptophan and the Bz- 
methyl- and -chloro-tryptophans by tryptophanase 
and by washed cell suspensions of Escherichia coli 
has been studied; the equilibrium constants, K,, 
for the formation of the enzyme-substrate com- 
plexes and the first-order velocity constants, kz, 
for their breakdown have been evaluated. 

2. A fairly satisfactory correlation of K, with 
the electronic properties of the substituents, as 
measured by the Hammett substituent constants, 
a, has been obtained ; the formation of the enzyme-— 
substrate complex is facilitated by electron- 
attracting substituents in the benzene ring of the 
tryptophan molecule. 

3. The velocity constants k, do not show satis- 
factory correlation with o; however, both electron- 
attracting and electron-repelling substituents dimi- 
nish ky. 

4. The results are discussed in the light of 
current views on the mechanism of the degradation 
of tryptophan by tryptophanase. 

5. The affinity constants K, are about 100 times 
as great for washed cells of H. coli as for cell-free 
tryptophanase; possible explanations for this un- 
expected result are discussed. 
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7. MALIC ENZYME FROM KALANCHOE CRENATA: EFFECTS OF 
CARBON DIOXIDE CONCENTRATION* 


By D. A. WALKER 
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(Received 18 June 1959) 


Green parts of certain succulent plants, including 
many members of the Crassulaceae, show a striking 
diurnal fluctuation in their organic acid content. 
This is largely a result of an accumulation of malic 
acid by night and its disappearance by day 
(Bennet-Clark, 1933). Thomas (1947) proposed 
that carbon dioxide is a metabolite in acid synthesis 
in addition to being, as many earlier investigators 
believed, a product of acid breakdown. This view 
was substantiated by extensive physiological 
experiments (Thomas, 1947, 1949; Thomas & 
Beevers, 1949; Thomas & Ranson, 1954) and by the 
demonstration that 14CO, was incorporated into a 


* Part 6: Walker & Ranson (1958). 


number of acids, but principally into malate, by 
erassulacean plants in the dark (Thurlow & 
Bonner, 1948; Varner & Burrell, 1950; Thomas & 
Ranson, 1954). 

A known reaction (1) in which carbon dioxide is 
fixed and malate is synthesized is that catalysed by 
the malic enzyme (Ochoa, Mehler & Kornberg, 
1947): 

Mn?* 


CH,*CO-CO,H + CO, + TPNH, = 
CO,H-CH,*CHOH:CO,H+TPN (1) 


(TPNH,, reduced triphosphopyridine nucleotide, 
TPN, triphosphopyridine nucleotide.) This enzyme 
is of considerable interest in relation to crassu- 
lacean acid metabolism, for it is present in at least 
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two crassulacean plants (Anderson, Stafford, Conn 
& Vennesland, 1952; Coles & Waygood, 1957). The 
present paper shows that it is present in cell-free 
extracts of Kalanchoé crenata and its properties are 
compared with those of the malic enzyme from 
pigeon liver (Ochoa et al. 1947: Rutter & Lardy, 
1958) and wheat germ (Ochoa, 1955). However, 
although malic enzyme might be concerned in 
carbon dioxide fixation, evidence has been ob- 
tained (Moyse & Jolchine, 1956; Saltman, Kuni- 
take, Spolter & Stitt, 1956; Walker, 1956, 1957; 
Walker & Brown, 1957) which suggests that in 
crassulacean plants the part played by reaction (1) 
in acidification might be less important than the 
part played by reaction (2). 
CO,H*COPO(OH),:CH, + H,O + CO, = 
CO,H*CO-CH,*CO,H+H,PO, (2) 

The equilibrium constant for reaction (2), which 
is catalysed by phosphopyruvate carboxylase, has 
not been determined, but the reaction favours 
carboxylation to such an extent that it has been 
considered, for practical purposes, to be irreversible 
(Tchen & Vennesland, 1955). Part of the evidence 
in support of the role of phosphopyruvate carboxyl- 
ase in crassulacean plants rests on the fact that 
this enzyme is inhibited by high concentrations of 
carbon dioxide (Walker & Brown, 1957). Carbon 
dioxide fixation by intact leaves of K. crenata (a 
member of the Crassulaceae) is similarly inhibited 
over a corresponding range of carbon dioxide con- 
centration (Thomas & Ranson, 1954). 

Malic enzyme from animal sources is capable of 
catalysing a rapid synthesis of malate in concentra- 
tions of carbon dioxide as high as 70% (Ochoa, 
1951). If malic enzyme preparations from crassu- 
lacean plants behaved similarly this would suggest 
that this enzyme is not the main one concerned in 
fixation of carbon dioxide by such plants. On the 
other hand, if phosphopyruvate carboxylase 
rather than malic enzyme is the catalyst concerned 
this inconsistency would not arise. It seemed 
desirable therefore to investigate the effect of high 
concentrations of carbon dioxide on mulic enzyme 
from a crassulacean plant. Extracts from K. 
crenata were selected for this purpose. 


MATERIALS AND METHODS 


Triphosphopyridine nucleotide (TPN), reduced triphos- 
phopyridine nucleotide (TPNH), reduced diphosphopyri- 
dine nucleotide (DPNH), glucose 6-phosphate, glucose 6- 
phosphate dehydrogenase and oxaloacetic acid were from 
the Sigma Chemical Co. (St Louis, Mo., U.S.A.). L- and 
DL-Malic acid, sodium pyruvate and lactic dehydrogenase 
were from L. Light and Co. Ltd., Bucks. Sodium [3-"C]- 
pyruvate and sodium [!4C]bicarbonate were obtained from 
The Radiochemical Centre, Amersham, Bucks. 

Enzyme. Cell-free extracts of Kalanchoé leaves were pre- 
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pared as before (Walker, 1957). The fraction of protein 
which precipitated between 50 and 60% saturation with 
(NH,).SO, was redissolved in 0-1% 2-amino-2-hydroxy- 
methylpropane-1:3-diol (tris) buffer at pH 7-4 and dialysed 
in the cold for 24 hr. against the same buffer or against 
water before use. In addition to malic enzyme the enzyme 
preparation also contained detectable quantities of malic 
dehydrogenase, phosphopyruvate carboxylase and a TPNH 
oxidase. Of these only the TPNH oxidase interfered with 
the assay of malic enzyme under the experimental condi- 
tions used (see Results). 

Assay. Spectrophotometric measurements of the oxid- 
ation and reduction of TPN in reaction (1) were made in a 
temperature-controlled room (25°) with a Unicam SP. 500 
fitted with a constant-temperature cell housing maintained 
at 25° by water circulated from a bath. The spectrophoto- 
meter was also used to follow the oxidation of TPNH by 
the TPNH oxidase. Manometric measurements of oxalo- 
acetic carboxylase activity were made with a Warburg 
respirometer at 25°. Reactions were started by the addi- 
tion of the substrate from the side arm after equilibration 
for 5 min. 

Pyruvate estimation. Reactions were stopped by adding 
mixtures to boiling water and boiling for 60 sec. The solu- 
tions were then centrifuged to remove precipitated protein. 
Pyruvate was determined by the oxidation of reduced 
DPN in the presence of lactic dehydrogenase. Lactic de- 
hydrogenase is specific for lactate and pyruvate and under 
these conditions the equilibrium position is such that 
virtually all the pyruvate is reduced to lactate with the 
concomitant oxidation of an equimolar quantity of DPNH. 
In Fig. 1 (curve 1) the pyruvate estimated in this manner is 
expressed in terms of the extinction of an equimolar 
quantity of DPNH or TPNH to facilitate comparison with 
curve 2. 

Estimation of triphosphopyridine nucleotide. The increase 
in extinction at 340 my after incubation with a relative 
excess of glucose 6-phosphate and glucose 6-phosphate 
dehydrogenase was used as a measure of the TPN added to 
reaction mixtures (see legend to Fig. 1). 

Chromatography. Standard methods (see Ranson, 1955) 
were used. (a) Carboxylic acids: after ether extraction the 
acids were chromatographed on Whatman no. 1 paper with 
tert.-amyl alcohol (2-methylbutan-2-ol)—-water-formic acid 
(3:3:1, by vol.) as the developing solution. (b) Keto acids: 
reactions were stopped by the addition of 2:4-dinitro- 
phenylhydrazine in 5n-H,SO,. After incubation for 1 hr. 
the precipitated protein was centrifuged and the super- 
natant extracted with ethyl acetate. The ethyl acetate 
solution was in turn extracted with 2% (w/v) Na,CO,, 
which was then acidified and re-extracted with ethyl 
acetate. The final extract was evaporated to dryness in 
vacuo and redissolved in ethanol for chromatography with 
tert.-amyl alcohol-ethanol—-water (50:10:40, by vol.) on 
Whatman no. 3 paper buffered at pH 6-2 with 0-2m- 
phosphate buffer. Spots were eluted in 0-2m-NaHCO, for 
determination of their u.v.-absorption spectra. 

Carbon dioxide concentration. This was varied as required 
by the addition of CO,-saturated NaHCO, at pH 7-4. 
Quantities were calculated from the Henderson—Hassel- 
balch equation (Umbreit, Burris & Stauffer, 1949) to give 
solution in equilibrium with the desired atmosphere of CQ,. 
In spectrophotometric experiments reactions were carried 
out in closed cells. The loss of CO, during the period of 
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measurement (2 min.) was negligible. In long-term ex- 
periments the appropriate percentage of CO, was used in 
the gas phase. 


RESULTS 
Oxidative decarboxylation of malate 


Spectrophotometric assay. The oxidative de- 
carboxylation catalysed by malic enzyme (the 
reverse of reaction 1) can be followed by measuring 
the increase in extinction at 340 my associated 
with the reduction of TPN. Fig. 1 (curve 2) shows 
the course of this reaction catalysed by the cell-free 
extract from Kalanchoé leaves. Similar results 
have also been obtained with extracts from Sedum 
acre, S. album and S. spectabile. No reaction 
occurred if any one component of the reaction 
system was omitted, if fumarate was substituted 
for malate, if DPN was substituted for TPN or if 
the leaf extract had been boiled for 15 sec. When 
equimolar MgCl, was substituted for MnCl, the 
initial rate was decreased to 5% of that in the 
presence of MnCl, (increasing the MgCl, concentra- 
tion fivefold increased this value to 40%). In a 
similar reaction mixture to that given for Fig. 1 but 
in the presence of a relative excess of enzyme the 
initial rate of the oxidative decarboxylation with 
DL-malate as substrate was half that with an equal 
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Fig. 1. Oxidative decarboxylation of malic acid. Curve 1, 
pyruvate produced; curve 2, TPN reduced. Each 
reaction mixture contained, in a final volume of 3 ml.: 
L-malate, 10 umoles; MnCl,, 3umoles; TPN, to give a 
value of log J,/I (340 my) of 0-625 in the reduced state; 
0-1 ml. of tris buffer (20%), pH 7-4; 0-3 ml. of enzyme. 
Each point on curve 1 represents the mean of four 
determinations. 
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concentration of t-malate, indicating that the 
enzyme does not react to an appreciable extent 
with the p form. 

Production of pyruvate. Fig. 1 (curve 1) illustrates 
the production of pyruvate during the oxidative 
decarboxylation (see Materials and Methods 
section). The apparent discrepancy between TPN 
reduction and pyruvate production during the 
latter part of the reaction results from the presence 
of a TPNH oxidase which reoxidizes a small 
quantity of the TPN reduced. This oxidase is TPN 
specific, shows diaphorase activity and is in- 
sensitive to cyanide; in these respects it is similar 
to a TPN diaphorase extracted from spinach 
chloroplasts by Avron & Jagendorf (1956, 1957). 
The malic enzyme in Kalanchoé extracts is not 
readily separated from this oxidase but, as Fig. 1 
shows, the effect of this contaminant on the initial 
rate of TPNH oxidation was too small to be 
discernible. 

The production of pyruvate during the course of 
the oxidative decarboxylation as indicated in 
Fig. 1 was also demonstrated by chemical methods. 
Phenylhydrazones were prepared from reaction 
mixtures (3 ml.) in which malate (2 moles) had 
been incubated with TPN (2ymoles), MnCl, 
(0-2 umole) and enzyme for 60min. These were 
identified by their R, values and their absorption 
spectra as the phenylhydrazones of pyruvic acid. 
No trace of oxaloacetic acid phenylhydrazones was 
detected. 

Effect of pH. The rate of oxidative decarboxyl- 
ation was determined in reaction mixtures (3 ml.) 
containing 1:5yumoles of L-malate, 3pumoles of 
MnCl,, 0-2 umole (approx.) of TPN, 75 pumoles of 
glycylglycine and 75ymoles of tris buffer at the 
desired pH. When the initial rate of TPN reduction 
was plotted against pH a sharp peak was obtained 
with a maximum at pH 7-2. The reaction mixtures 
used in these determinations were essentially 
similar to those used by other workers in investi- 
gating the effect of pH on malic enzyme from pigeon 
liver (Salles & Ochoa, 1950) and wheat germ 
(Harary, Korey & Ochoa, 1953). In the absence of 
buffer, in reaction mixtures in which the pH was 
maintained constant during readings by the 
presence of a larger quantity (10 mmo) of pL-malate, 
adjusted to the required pH beforehand with KOH, 
an optimum value of 7-8 was obtained. Higher pH 
optima at higher substrate concentrations have 
also been noted with purified pigeon-liver enzyme 
(Rutter & Lardy, 1958). 

Effects of substrate and enzyme concentration. 
Some effects of enzyme and substrate concentra- 
tions on the oxidative decarboxylation (reverse of 
reaction 1) are shown in Fig. 2, where the results 
are plotted as the double reciprocal (Dixon, 1953). 
The value of K,, obtained was 0-55 m-mole/l. 
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Reductive carboxylation of pyruvate 


Spectrophotometric assay. The oxidation of 
TPNH in reaction (1) can also be followed spectro- 
photometrically. In these circumstances the initial 
concentration of TPNH is high and its reoxidation 
by the TPNH oxidase in the absence of pyruvate 
(see, for example, Fig. 3, first 2 min.) was readily 
detected. However, the rate of TPNH oxidation 
was substantially increased when reaction (1) was 
started by the addition of pyruvate. Reaction (1) 
was readily reversed (Fig. 3, 10-5 min.) by the 
addition of malate. 
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Fig. 2. Some effects of substrate and enzyme concentra- 
tion on the oxidative decarboxylation of malic acid. 
Each reaction mixture contained, in a final volume of 
3ml.: L-malate; TPN, 0-2umole (approx.); MnCl, 
3yumoles; tris buffer, 0-1 ml. of 20% (w/v) at pH 7-4; 
enzyme (as indicated). S represents the concen. of L- 
malate in zmoles/3 ml. and v the initial velocity. 
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Fig. 3. Reversibility of reaction (1). At the start the 
reaction mixture (3 ml.) contained: enzyme; MnCl, 
3umoles; TPNH, 0-2 umole (approx.); 2:5 ml. of CO,- 
saturated sodium bicarbonate (0-32m) at pH 7-4. 
Additions; at 2min., 0-l1ml. of sodium pyruvate 
(40 umoles); at 10-5 min., 0-1 ml. of sodium L-malate 
(10 zmoles). 
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Whilst the presence of the TPNH oxidase had 
no detectable effect on spectrophotometric measure- 
ments of the initial rate of oxidative decarboxyl- 
ation, it did, however, preclude the accurate deter- 
mination of initial rates of reductive carboxylation 
by similar methods. A reasonable approximation 
of such rates can be made if the contribution of the 
TPNH oxidase is allowed for (see Table 1). 

Production of malate. Evidence of the production 
of malate during the reductive carboxylation 
(reaction 1) was also obtained. Radioactive 
pyruvate (2pmoles, 2c) was incubated with 
TPNH (2 umoles), enzyme and various concentra- 
tions of CO,—bicarbonate in a total of 3 ml. After 
40 min. the reactions were stopped by the addition 
of formic acid and the mixtures taken to dryness 
and acidified to pH 1-0 and extracted with ether. 
Co-chromatography of ether-soluble solids with 
malate then indicated the incorporation of radio- 
activity in this acid. Qualitative experiments were 
also carried out with similar reaction mixtures 
containing unlabelled pyruvate and _ labelled 
bicarbonate. Radioactivity was again located in 
the malate spot after isolation and chromato- 
graphy of the end products. 


Oxaloacetic carboxylase activity 


Malic enzyme from pigeon liver and from some 
other sources has also been shown to catalyse the 
decarboxylation of oxaloacetate. Manganese is 
again required as a cofactor and the pH optimum is 
about 5 (Ochoa, 1955). Kalanchoé extracts con- 
taining malic enzyme, in the presence of Mn** ions, 
also brought about the production of CO, from 
oxaloacetate in excess of that produced by the 
Mn?+-catalysed decarboxylation (Speck, 1949) 
alone. In reaction mixtures (3 ml.) containing 
Kalanchoé extract, oxaloacetate (15 moles), MnCl, 
(6umoles) and 1 ml. of 1% (w/v) cacodylice acid 
buffer at the required pH, the excess of decarboxyl- 
ation due to the presence of a thermolabile 
catalyst reached a maximum at pH 5-5, when it 
was approx. 300% of that of the control which 
contained boiled extract but was otherwise 
identical. 

Effects of carbon dioxide 


Experiments by Ochoa (1951) with the pigeon- 
liver enzyme showed that the production of malate 
from pyruvate can be accelerated by increasing the 
concentration of CO, and that the highest rate of 
synthesis was achieved in the highest concentration 
(70%) of CO, used. In the present experiments the 
effects of CO, on both the forward and reverse 
reactions (1), as catalysed by malic enzyme from 
K. crenata, were studied. 

Oxidative decarboxylation of malate. In Fig. 4 the 
reciprocals of the initial rates of the oxidative 





220 D. A. WALKER 


decarboxylation are plotted against the reciprocals 
of malate concentration at six concentrations of 
CO,. The maximum velocity, i.e. the velocity at 
infinite substrate concentration, is seen to have 
been independent of CO, concentration and this 
would appear to rule out the possibility that CO, 
might act as a non-competitive inhibitor of malic 
enzyme. The family of straight lines shown in Fig. 4 
is typical of the relationships which obtain in a 
In discussing competitive 
Webb (1958) 
between two types: wholly competitive and 
partially competitive. These are indistinguishable 
when the reciprocal of velocity (1/v) is plotted 
against the reciprocal of substrate concentration, 


competitive inhibition. 


inhibition, Dixon & distinguish 


but when 1/v is plotted against inhibitor concentra- 
tion ([J]) the partially competitive type does not 


648% 312% 


eee 
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Fig. 4. Effect of six levels of CO, and four levels of sub- 
strate on the oxidative decarboxylation of malate. 
Reaction mixtures (3 ml.) contained 10, 5, 2-5 or 1-25 p- 
moles of L-malate; TPN, 0-2umole (approx.); MnCl,, 
3pmoles; tris buffer, 0-1 ml. of 20% (w/v) at pH 7-4; 
0-1 ml. of enzyme and CO,-saturated sodium bicarbonate 
at pH 7-4 to give the percentage of CO, indicated (see 
Materials and Methods section). S represents the 
substrate concentration in ymoles/3 ml. and v the initial 
velocity. 
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Fig. 5. Values from Fig. 1 replotted as the reciprocal of 
reaction rate against CO, concentration. v = 108A log I,/J 
at 340 mp between the first 30 and 60 sec. of reaction 
time. [J] = CO, percentage of an atmosphere. 


1960 


give a straight line as is given in the fully com- 
petitive type. Fig. 5 shows the data in Fig. 4 re- 


plotted in this manner. The possible significance of 


these results is considered in the Discussion. 

The question arises whether the effects reported 
in this and subsequent sections were caused by 
dissolved CO,, HCO, ion or even Na* ion or high 
salt concentration. Some inhibition was observed 
in control with KCl and NaCl, 
although this could never account for the total 


experiments 


effect produced by equimolar bicarbonate saturated 
with CO,. For example, in Fig. 4 the inhibition 
produced by the highest concentration of CO, 
bicarbonate, with 10 pmoles of malate as substrate, 
was 79%, but in similar mixtures, 
equimolar (0-16m) NaCl and KCl both gave 39% 
inhibition. Whatever the nature of this latter 
effect it seems clear that CO, or bicarbonate pro- 
duced a large response which could not be dupli- 
cated by either NaCl or KCl. It also follows from 


reaction 


Fig. 4 that there was no additional salt effect of 


a non-competitive nature. 
Reductive carboxylation of pyruvate. 
spectrophotometric measurements of the reductive 


Accurate 


carboxylation could not be made because of the 
presence of the TPNH oxidase in the extract. The 
oxidation of TPNH by the oxidase and malic 
enzyme acting together could be measured, how- 
ever, and since the malic enzyme showed an 
absolute requirement for manganese the activity of 
the oxidase acting alone could be determined in 
reaction mixtures from which manganese was 
omitted. The results of such an experiment, carried 
out at several levels of CO,, are given in Table 1. 
The bottom row of figures, representing the differ- 
ence between the two preceding rows, is believed to 
give reasonable approximations of the rates of the 
reductive carboxylation. These rates have also 
been plotted as a percentage of the maximum rate 
obtained (Fig. 6, curve 3). It will be seen that when 
the concentration of CO, was increased from 
0-05 % (laboratory air) to 30 % the rate of carboxy- 
lation was increased correspondingly. Above 30%, 
further increases caused slight decrease in the rate 
which, at the highest CO, concentration used, fell to 
about 80% of the maximum. 

The effect of CO, on reductive carboxylation was 
also measured (Table 2) by determining the 
quantity of labelled pyruvate incorporated into 
malate in a given time in the presence of the appro- 
priate CO,—bicarbonate mixtures (see Materials 
and Methods section). This method involved chro- 
matographic separation of the end products from 
the reaction mixture and the possibility of experi- 
mental error is large. On the basis of spectrophoto- 
metric experiments an incubation time of 40 min. 
was chosen which would provide a measurable 
change but would not permit any of the reactions to 
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Table 1. 
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Effects of carbon dioxide concentration on the oxidation of reduced triphosphopyridine nucleotide 
. E phopy 


by malic enzyme and reduced triphosphopyridine nucleotide oxidase 


Each spectrophotometer cell contained 0-2 ml. of enzyme, 0- 


1 ml. of sodium pyruvate (40 zmoles) in tris buffer, pH 7-4, 


0-1 ml. of TPNH (0-2 umole), 2-8 ml. of CO,-saturated NaHCO, at pH 7-4 or water to give the required CO, level, in a final 
volume of 3-3 ml. For measurement of TPNH oxidase and malic enzyme together the mixture also contained 0-1 ml. of 


MnCl, (3 wmoles). 


10° x Decrease in log /)// (340 my) 
between 30 and 90 sec. from start 


CO, (%) eee 0-0-05 1-125 2-2 


TPNH oxidase 24 24 23 
TPNH oxidase + malic enzyme 27 38 58 
Malic enzyme (by difference) 3 14 35 


Table 2. 


5 45 9 21 


30 45 60 84 
22 20 20 13 11 10 8 
68 78 90 84 80 72 66 
46 58 70 71 69 62 58 


Effect of carbon dioxide concentration on the incorporation of labelled pyruvate into malate 


Each reaction mixture contained enzyme, MnCl, (0-3mole), sodium pyruvate (2c, 2moles), TPNH (2 moles), 
tris buffer, pH 7-4 (1%, w/v), CO,-saturated NaHCO, at pH 7-4 in equilibrium with the appropriate percentage of CO, in 


the gas phase. Mixtures were incubated for 40 min. at 25°. 


CO, (% 2 ” 0-0-05 l 
10-* x Radioactivity in malate 8 21 


(counts/min.) 


70 
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Fig. 6. Comparison of the effects of CO, concentration on 
the accumulation of malate by crassulacean plants in the 
dark (curve 1), the carboxylation of phosphopyruvate by 
phosphopyruvate carboxylase (curve 2) and the reductive 
carboxylation of pyruvate by malic enzyme (curve 3). 
Curve 1, data from Thomas & Ranson (1954); curve 2, 
data from Walker & Brown (1957); curve 3, data from 
Table 1. 


proceed to completion. The figures in Table 2 are 
therefore not in any sense accurate values of initial 
rates but clearly the general trend was again the 
same, that is, the rate of synthesis increased as the 
concentration of CO, increased, though a large 
excess of CO, produced a slight inhibition. 


9 30 45 60 75 
36 62 78 115 108 
DISCUSSION 


Malic enzyme from pigeon liver catalyses reaction 
(1), the reversible oxidative decarboxylation of 
L-malate to yield pyruvate and carbon dioxide 
(Ochoa et al. 1947). The enzyme (see Ochoa, 1955) is 
TPN specific, Mn*+ ion dependent and does not 
react with D-malate or fumarate. There is no 
evidence that free oxaloacetate is formed as an 
intermediate. The enzyme also catalyses the de- 
carboxylation of oxaloacetate to yield pyruvate 
and carbon dioxide and the pH optimum of this 
latter reaction is 4-5. Malic enzyme from wheat 
germ (see Ochoa, 1955) is essentially similar and the 
enzyme again catalyses the decarboxylation of 
oxaloacetate with an optimum pH of 5-2. Evidence 
is presented in this paper which indicates that an 
enzyme from Kalanchoé crenata also catalysed 
reaction (1) and that it was specific with respect to 
Mn?+, TPN and t-malate. The Kalanchoé enzyme 
preparation also catalysed the decarboxylation of 
oxaloacetate, the optimum pH being 5-5. 

Recent work with purified malic enzyme from 
pigeon liver (Rutter & Lardy, 1958) has established 
that, for the oxidative decarboxylation, the pH 
optimum varies with substrate concentration and 
the apparent Michaelis constant varies with pH. 
The pH optimum of the oxidative decarboxylation 
catalysed by the Kalanchoé enzyme was 7-2 
(0-5 mm-malate) and this may be compared with 
values of 7:3 (0-5mm-malate) for wheat-germ 
enzyme (Harary et al. 1953) and, for pigeon-liver 
enzyme, 7:2 (0-1 mm-malate) (Rutter & Lardy, 
1958) and 7-4 (0-5 mm-malate) (Salles & Ochoa, 
1950). 
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The value of K,, 0-55 m-mole/l. (pH 7-4) ob- 
tained with the Kalanchoé enzyme may be com- 
pared with 0-7 m-mole/l. (pH 7-4) for wheat-germ 
enzyme (Harary et al. 1953) and 0-39 (pH 7:5) 
(Rutter & Lardy, 1958) and 0-05 (pH 7-4) for 
pigeon-liver enzyme (Salles & Ochoa, 1950). 

The reaction catalysed by malic enzyme (re- 
action 1) is freely reversible and én vitro it can there- 
fore be driven in the direction of carboxylation by 
high concentrations of carbon dioxide. It would 
appear that all the effects of carbon dioxide on 
reaction 1 which are recorded in this paper can be 
related to the action of carbon dioxide as a sub- 
strate. There was no suggestion that carbon dioxide 
acted as a non-competitive inhibitor (cf. the effect 
of carbon dioxide on the enzymic catalysis of 
reaction 2, Walker & Brown, 1957). 

The effects of carbon dioxide on the carboxyl- 
ations catalysed by malic enzyme (reverse of re- 
action 1) and phosphopyruvate carboxylase (re- 
action 2) are illustrated in Fig. 6, where they are 
compared with the effect of carbon dioxide on acid 
formation by the intact leaf. There is a great deal of 
similarity between the ways in which the enzymic 
carboxylation of phosphoenolpyruvate (curve 2), 
and acidification in vivo (curve 1), are affected by 
concentration of carbon dioxide. On the other 
hand, the carboxylation of pyruvic acid by malic 
enzyme (curve 3) did not show this resemblance. It 
occurred only slowly in low concentrations of 
carbon dioxide and reached a maximum in the 
presence of concentrations of carbon dioxide which 
markedly inhibited the formation of acid by the 
intact leaf. 

When the respective characteristics of phospho- 
pyruvate carboxylase and malic enzyme are con- 
sidered in their relation to the known facts of 
crassulacean acid metabolism (see also Walker, 
1957; Walker & Brown, 1957) it seems probable 
that the former enzyme is concerned in acid syn- 
thesis and that the latter is concerned in acid 
breakdown. This view is strengthened by the present 
results, which confirm that the observed effects of 
carbon dioxide on the enzymic carboxylation of 
pyruvate by malic enzyme make it unlikely that 
this enzyme plays a major role in acid synthesis by 
crassulacean plants. 

The consideration of the effects of carbon dioxide 
on the initial rate of the oxidative decarboxylation 
has provided additional information which may 
also be of interest. Theoretically it would not be 
possible to account, in terms of mass action, for an 
effect of carbon dioxide on the initial rate of the 
oxidative decarboxylation because of the absence 
of the other two products, pyruvate and TPNH. In 
practice, of course, it was necessary to allow the 
reaction to proceed for a finite time (60 sec.) to 
obtain rate measurements, and it might be argued 


that sufficient pyruvate and TPNH could accumu- 
late in this period to permit the reductive carboxy]- 
ation to occur at a rate sufficiently rapid to 


account for the apparent decrease in the rate of 


the oxidative decarboxylation. If this was the 
case, however, it would follow that the rate of the 
oxidative decarboxylation would decrease rapidly 
with time, particularly in the presence of high con- 
centrations of carbon dioxide, as the value of 
[pyruvate] [TPNH] increased from zero to finite 
levels. In actual fact the rate showed no tendency 
to decrease rapidly. For example, in the highest 
concentration of carbon dioxide used (46-8 %) in a 
reaction mixture contaming originally 5 umoles of 
malate there was no detectable departure from 
linearity between 15 and 135 sec. from the start, 
although the level of TPNH (and _ therefore 
pyruvate) increased more than eightfold during 
this period. Reference to Figs. 4 and 5 will show 
that the kinetics of the oxidative decarboxylation 
in the presence of high concentrations of carbon 
dioxide (up to 46-8%) closely resembled those of 
a partially competitive inhibition (Dixon & Webb, 
1958). Such results are consistent with the view 
that molecules of carbon dioxide, unable to 
participate in the reductive carboxylation because 
of insufficient TPNH and pyruvate, nevertheless 
occupied their usual sites on the enzyme and, in so 
doing, reduced the affinity of the enzyme for the 
substrates of the oxidative decarboxylation. 


SUMMARY 


1. Cell-free extracts of the crassulacean plant 
Kalanchoé crenata catalysed the reversible re- 
ductive carboxylation of pyruvate to yield malate. 

2. The malic enzyme was specific with respect to 
L-malate, Mn?* and triphosphopyridine nucleotide. 
In the presence of 0-5mm substrate, the pH 
optimum of the oxidative decarboxylation was 7-2. 
K,, (malate) was 0-55 m-mole/l. (25°, pH. 7-4). The 
extracts also catalysed the Mn?+-dependent de- 
carboxylation of oxaloacetate with an optimum 
pH of 5-5. 

3. The characteristics of the enzyme are com- 
pared with those of malic enzyme from pigeon liver 
and wheat gerin. 

4. Carbon dioxide accelerated the reductive 
carboxylation of pyruvate and retarded the oxid- 
ative decarboxylation of malate. 

5. Kinetically, the effects of carbon dioxide on 
the initial rates of the oxidative decarboxylation of 
malate resembled a partially competitive inhi- 
bition. 

6. The results have been discussed in relation to 
the supposed role of malic enzyme in acid meta- 
bolism of crassulacean plants. An interpretation of 
the reaction kinetics has been suggested. 
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Biochemical Investigation of a Case of Glycogen-Storage 
Disease (von Gierke’s Disease) 


By A. CALDERBANK,* P. W. KENT, J. LORBER, D. J. MANNERS anp A. WRIGHT 
apenas of Biochemistry, University of Oxford, Department of Child Health, Universiiy of Sheffield 
and Department of Chemistry, University of Edinburgh 


(Received 24 June 1959) 


Glycogen-storage disease is characterized by the 
deposition of unusually large quantities of glyco- 
gen, particularly in the liver and kidneys. In a 
survey of a number of cases, Cori (1952-53) has 
recognized the existence of four types of the 
disease. In type 1 (also known as von Gierke’s 
disease), the physical properties and the chemical 
structure of the glycogen appear to be normal and 
the biochemical defect lies in a striking deficiency of 
glucose 6-phosphatase both in the liver and kidney. 
Type 2 is shown by the generalized deposition of 
glycogen in many tissues, notably in heart and 
skeletal muscle. The glycogen has a normal 

* Present address: I.C.I. Jeallots Hill Research Station, 
Bracknell, Berks. 


structure, glucose 6-phosphatase is present and the 
biochemical abnormality has not so far been de- 
fined. In types 3 and 4, of which few cases are 
known, the glycogen accumulated in the liver and 
kidney has an unusual structure; in type 3 it has 
very short outer chains and in type 4 the glycogen 
resembles amylopectin in having relatively long 
inner and outer branches. 

The present studies are concerned with the in- 
vestigation of a fatal case of the disease in which the 
molecular structure of the liver and kidney glyco- 
gen and the enzymic activity of the liver have been 
examined. The patient (A.K.) was a sibling of one 
(S.K.) investigated earlier (Manners, 1954), which 
corresponded to type 3 of Cori’s classification. This 
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liver glycogen (S.K.) had an average chain length 
of only six glucose residues (i.e. a degree of branch- 
ing twice that of a normal glycogen), the molecular 
structure resembling that of a phosphorylase-limit 
dextrin. In this case, a deficiency in amylo-1:6- 
glucosidase was probable. Some additional pro- 
perties of the 8.K. glycogen are also reported. 


METHODS AND MATERIALS 


Normal liver. This was from a 2-year-old child who died 
after a short illness. The liver was removed 21 hr. after 
death and stored at — 18°. 

Diseased liver. Tissues were removed from the refriger- 
ated body of a 4-year-old boy (A.K.) 50 hr. after death and 
were stored at —18°. A portion of the tissue was dropped 
into boiling water and heated for 10 min. Glycogen was 
later extracted from this boiled tissue (see Results section). 

Dipotassium p-glucose 6-phosphate. This was prepared 
from the barium salt (104 mg.; C. F. Boehringer und Séhne, 
Mannheim, Germany) in water (1 ml.) by addition of solid 
K,SO, (38 mg.). The solution was centrifuged and the 
supernatant fluid was made up to 2 ml. with 0-2m-potas- 
sium citrate buffer, pH 6-5. 

Dipotassium «-D-glucose 1-phosphate. This was obtained 
by phosphorolysis of starch. A solution (0-02m) made in 
6 mm-MgSO, was used. 

Triphosphopyridine nucleotide. This was kindly given by 
Dr H. L. Kornberg. 


Analytical methods 


Glucose content. The glycogens, 0-1% concentration, 
were hydrolysed in 2nN-H,SO, at 100° for 2 hr. and the 
reducing sugar was determined with the Somogyi (1952) 
reagent. 

Paper chromatography. Descending chromatograms were 
carried out at room temperature on Whatman no. 1 paper 
with ethyl acetate—pyridine—water (10:4:3, by vol.) as 
solvent, and aniline oxalate as development reagent. 

Absorption spectra of iodine complexes. The conditions of 
Peat, Whelan, Hobson & Thomas (1954) were used. 

Periodate oxidation. The glycogens were oxidized at room 
temperature with potassium metaperiodate (Bell & 
Manners, 1952). The liver glycogen was also oxidized with 
a limited excess of sodium metaperiodate under the condi- 
tions of Manners & Archibald (1957). 

Giycogen value. A solution of concanavalin A was pre- 
pared from a 0-9% NaCl extract of jack-bean meal 
(Cifonelli & Smith, 1955). For the determination of 
glycogen values, 9 ml. of the above solution was added to 
1 ml. of aqueous glycogen solution containing 0-1—1-0 mg. 
of polysaccharide, and the extinction measured after 
10 min. at 420 mp with a Unicam SP. 500 spectrophoto- 
meter. The extinction given by 1 mg. of glycogen under 
these conditions was compared with that of a standard 
sample of rabbit-liver glycogen (glycogen value 1-00) 
kindly provided by Professor F. Smith (see Cifonelli, 
Montgomery & Smith, 1956). 

Viscosity measurements. The viscosity of glycogen solu- 
tions of various concentrations was measured at 25° in a 
modified Ubbelohde viscometer. The limiting viscosity 
number [] was obtained by linear extrapolation of 7 sp./C 
to zero concentration (C as g./ml.). 


Phosphate estimations. These were performed by the 
method of Berenblum & Chain (1938). 

Enzymic degradation: «- and B-amyjiolysis. The enzyme 
preparations and conditions of hydrolysis were those de- 
scribed by Liddle & Manners (1957). «-Amylolysis results 
are given as Py values, i.e. apparent percentage conversion 
into maltose. 

Isoamylase. This enzyme (cf. Manners & Khin Maung, 
1955) was extracted from brewer’s yeast by Miss Z. H. 
Gunja. 


Enzymic assays 


Glucose 6-phosphatase estimation. Homogenates were 
prepared by grinding 1 g. of abnormal liver in a chilled 
mortar. The homogenate was stirred with ice-cold glass- 
distilled water, filtered through muslin and the filtrate 
made up to 3-5 ml. A homogenate of normal liver (800 mg.) 
was prepared similarly except that the final volume of the 
supernatant fluid was 1-8 ml. Incubations were carried out 
at 30° for 15, 30 or 60 min., when the reaction was termi- 
nated by the addition of 1 ml. of trichloroacetic acid 
(10%, w/v). Water (1 ml.) was then added and the mixture 
was centrifuged (445 g for 5 min.). A sample (1 ml.) of the 
supernatant liquid was withdrawn for determination of 
phosphate. 

Phosphoglucomutase estimation. Abnormal liver (1 g.) 
was homogenized with glass-distilled water (3 ml.) in a 
Potter glass homogenizer. The product was centrifuged 
(30 min. at 10 000 g) and the supernatant liquid was used 
for enzyme assay immediately, and after standing for 
24 hr. at 2° and being diluted 10-fold, 100-fold and 500-fold 
with the cysteine buffer. Glucose 1-phosphate was incu- 
bated at 30° with the enzyme preparation (0-1 ml.), in the 
presence of 0-05M-cysteine brought to pH 7-5 by addition 
of 0-1n-NaOH, for 5 or 10 min. The reaction was termi- 
nated by the addition of 5n-H,SO, (1 ml.) and the solution 
was diluted with water to a final volume of 5 ml. The 
resulting solution was heated on a boiling-water bath for 
3 min., cooled, centrifuged (445 g, 3 min.) and 1-5 ml. 
of the supernatant was withdrawn for determination of 
phosphate. 

Glucose 6-phosphate dehydrogenase estimation. Abnormal 
liver (1 g.) was homogenized with water (4-5 ml.) in an all- 
glass apparatus at 0° and centrifuged (3500 rev./min.) for 
20 min. The supernatant liquid was used for enzyme assay. 
In parallel experiments, normal liver (850 mg.) was homo- 
genized in water (2-6 ml.) in the same way. Incubation 
mixtures were prepared containing 0-25Mm-glycylglycine 
(pH 7-6, 3-5 ml.); 0-1m-MgCl, (3-5 ml.); water (5-6 ml.); 
enzyme preparation (0-7 ml.); triphosphopyridine nucleo- 
tide (TPN; 3-5 ml. containing 1-4mg.). For the ‘zero 
time’ reading (i.e. immediately after addition of the 
enzyme), 2-4 ml. of the mixture was mixed with ethanol 
(2-4 ml.) and 10% (w/v) Na,SO, (0-1 ml.). After 15 min. 
the solution was centrifuged (2000 rev./min.) and the 
extinction of the supernatant was measured at 340 mz. 
The reaction commenced when 0-05M-dipotassium glucose 
6-phosphate (0-6 ml.) was added to the remaining incuba- 
tion mixture at 20°. Samples (2-4 ml.) were withdrawn and 
investigated at various intervals in the manner described. 
Spectral measurements were made in comparison with an 
‘enzyme blank’ identical with ‘zero time’ incubation 
mixture save that the TPN was substituted by an equiva- 
lent volume of water. 
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RESULTS 
Isolation and purification of A.K. glycogen 


The boiled liver tissue (243 g.) was ground with 
sand and extracted three times with boiling water 
in an atmosphere of nitrogen. The combined 
extracts were cooled to 0° and deproteinized by the 
addition of 0-1 vol. of 40% (w/v) trichloroacetic 
acid. After removal of protein, the glycogen was 
precipitated with ethanol, purified by five further 
precipitations and dried with ether. Yield, 18-9 g. 
(equivalent to 7-8 % yield from the tissue). 

Glycogen was similarly extracted from boiled 
kidney tissue (78 g.). Yield 3-4 g. (ie. 4.4% yield 
from the tissue). Extraction of the kidney residue 
with 30% (w/v) KOH at 100° did not yield any 
additional glycogen. 

Boiled brain and muscle tissue were extracted 
successively with water and 30% KOH at 100°. 
No glycogen could be isolated. 


Characterization of purified A.K. glycogens 


The liver glycogen had [a],+196° (c, 0-2 in 
water), and on acid hydrolysis gave glucose (96 %) 
and no other sugar. The aqueous solution stained 
deep red-brown with iodine (A,,x, 460-465 mp; 
Eyyqx, 0°21). 

The kidney glycogen had the following proper- 
ties: [x], +200° (c, 0-2 in water); glucose content 
98 %; iodine complex, A,,,,. 445-450 mp, E,,,, 0-19. 

Periodate oxidation. Liver glycogen (262-2 mg.) 
gave 5-06, 5-11 and 5-11 mg. of formic acid after 
potassium metaperiodate oxidation for 9, 14 and 
16 days. The final figure corresponds to an average 
chain length of 14-6 glucose residues. In a duplicate 
experiment, 261-0mg. of liver glycogen gave 
5:17 mg. of formic acid on complete oxidation, 
equivalent to average chain length 14-5. 

Kidney glycogen (253-7 mg.) was similarly 
oxidized; the final production of formic acid, after 
17 days, was 5-06 mg., equivalent to average chain 
length 14:3. In a repeat oxidation, 253-7 mg. of 
glycogen gave 5-07 mg. of formic acid, i.e. average 
chain length 14-1. 

Liver glycogen (100-3 mg.) in water (22 ml.) was 
then oxidized at 2° with 3 ml. of 8% (w/v) sodium 
metaperiodate. The final production of formic acid, 
after 20 days’ oxidation, was 2-0 mg., correspond- 
ing to an average chain length 14-4 glucose residues. 

Glycogen values. The measurement of the ex- 
tinction of 1 mg. of A.K. glycogen in the presence 
of concanavalin-A gave glycogen values: liver 
glycogen, 0-97; kidney glycogen, 1-01. Samples of 
amylopectin isolated from potato starch (var. 
Kerr’s Pink) and the starch from the freshwater 
alga Dunaliella bioculata (Eddy, Fleming & 
Manners, 1958) did not react with concanavalin-A. 
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Limiting viscosity number. In 0-1mM-NaCl solu- 
tion, the liver and kidney A.K. glycogens had 
[n] 8-3 and 5-3 respectively. These figures are about 
one-twentieth of those for amylopectin. 


Enzymic degradation 


a-Amylolysis. The results of a comparison of the 
action at 37° of purified salivary «-amylase on the 
human glycogens, and on control samples of 
rabbit-liver glycogen (average chain length 13-8) 
and potato amylopectin (average chain length 
22-0) are shown in Table 1. 

p-Amylolysis. On treatment with barley f- 
amylase at pH 4-6 and 37°, the liver and kidney 
glycogens both had a f-amylolysis limit of 46%. 
Under similar conditions, the rabbit-liver glycogen 
and potato amylopectin gave 53 and 61% con- 
version into maltose. 

B-Amylolysis after pretreatment with isoamylase. 
The glycogens (26-28 mg.) were incubated with 
isoamylase (50 mg.) at pH 5-9 for 24 hr. at 20° ina 
total volume of 10 ml. The enzyme was inactivated 
by heating; 5 ml. of 0-2M-acetate buffer, pH 4-6, 
B-amylase (2600 units) and water to 25 ml. were 
then added. After 24hr. at 37° the B-amylolysis 
limits were: liver glycogen 60%, kidney glycogen 
59%. Potato amylopectin on similar treatment 
had a f-amylolysis limit of 77%. The outermost 
branch points in these polysaccharides are therefore 
of the «-1:6-glucosidic type. 


Further investigation of S.K. glycogen 


This glycogen, the structure of which has already 
been discussed by Manners (1954), gave a pale- 
yellow-brown stain with iodine and the solution did 
not show an absorption peak in the region 440— 
480 mp; at 430 mp the extinction was only 0-05. 
The glycogen had glycogen value 1-61, [y] 10-6 in 
0-1m-NaCl and, on «-amylolysis (see Table 1), the 
Py values were 24, 27 and 33 respectively. After 
treatment with isoamylase, the B-amylolysis limit 
was 20%. 


Table 1. Action of salivary «-amylase 
on polysaccharides 


The polysaccharides (0-5 mg./ml.) were incubated at 37° 
with freeze-dried «-amylase (2-3 units/ml.) in the presence 
of 0-05 % NaCl in a total volume of 100ml. Samples (5 ml.) 
were analysed, at intervals, for reducing sugar (as maltose). 


Py 
ee a 
Time of incubation (hr.) ... 2-5 5 24 
Liver glycogen (A.K.) 62 66 74 
Kidney glycogen (A.K.) 63 67 76 
Rabbit-liver glycogen 65 69 75 
Potato amylopectin 74 79 89 
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ments showed that with incubation times between 
15 and 30min. the tissue hydrolysed glucose 6- 

A survey of the activity of four enzymes, namely phosphate at a rate of 1-81—2-72 umoles/hr./g. « 
glucose 6-phosphatase, phosphoglucomutase, glu- frozen tissue. Under identical conditions, enzyme 
cose 6-phosphate dehydrogenase and phospho- preparations of normal liver hydrolysed the sub- 
hexoisomerase, was carried out on homogenates of strate much more quickly, at a rate of 129-8 
the diseased (A.K.) liver. Results of six experi- 130-0 umoles/hr./g. of frozen tissue. 


Determination of liver-enzyme activities 


Table 2. A comparison of the properties of glycogens from glycogen-storage disease 


Kidney Liver Liver 
glycogen glycogen glycogen 
Property (A.K.) (A.K.) (S.K.) 
[x]p (water) +200 +196° + 201° 
Iodine complex A,,,,. (my) 445-450 460-465 — 
Glycogen value 1-01 0-97 1-61 
Average chain length 14-2 14-5 6-1 
(glucose residues) 
a-Amylolysis limit (%) 76 74 33 
* : . 

B-Amylolysis limit (%) | ea = Po 2 
Molecular weight (see Addendum) 7 x 106 7 x 106 2 x 106 
Limiting viscosity number 5 8 11 


* (b) Before and (a) after treatment with isoamylase. 


Table 3. Glucose 6-phosphatase activity of abnormal- and normal-liver homogenate 
In these experiments the substrate was 0-1M-dipotassium glucose 6-phosphate (0-1 ml.) in 0-1M-potassium citrate 
buffer (pH 6-5). The enzyme preparations are as described in the Methods and Materials section. Final volume, 0-5 ml. 
Results of duplicate experiments are shown in parentheses. 


Phosphate 
Duration of Phosphate liberated/hr./g. 
incubation found of frozen tissue 
Additions (min.) (ug-) (umoles) 
Abnormal liver (A.K.) 
Buffer (0-2 ml.); enzyme (0-2); water (0-1 ml.) 60 32-5 - 
Buffer > 2 ml.); substrate; water (0-2 ml.) 60 3°75 
Buffer (0-2 ml.); substrate; enzyme (0-2 ml.) 0* 37-2 
Buffer (0-2 2 ml.); substrate; enzyme (0-2 ml.) 15 38-0 (38-4) 1-81 (2: *72) 
Buffer (0-2 ml.); substrate; enzyme (0-2 ml.) 30 39-5 (39-5) 2-60 (2-60) 
Buffer (0-2 2 ml.); substrate; enzyme (0-2 ml.) 60 42-0 (42-0) 2-72 (2°72) 
Normal liver 
Buffer (0-3 ml.); enzyme (0-1 ml.); water (0-1 ml.) 15 40-0 : 
Buffer (0-3 ml.); substrate; water (0-1 ml.) 15 12-25 — 
Buffer (0-3 ml.); substrate; enzyme (0-1 ml.) 15 97-0 129-8 
Buffer (0-3 ml.); enzyme (0-1 ml.); water (0-1 ml.) 30 38-9 
Buffer (0-3 ml.); substrate; water (0-1 ml.) 30 13-7 
Buffer (0- 3 ml.); substrate; enzyme (0-1 ml.) 30 148-8 130-0 


* Zero-time control; trichloroacetic acid was added before the enzyme. 


Table 4. Phosphoglucomutase activity of abnormal liver 
The reaction mixtures were made with 0-02M-dipotassium «-glucose 1-phosphate (0-1 ml.) as substrate. The buffer 
mixture contained 0-05m-cysteine (0-2 ml., pH 7-5) and 6 mm-MgSO, (0-1 ml.). The enzyme preparation is as described in 
the Methods and Materials section. Final volume, 0-4 ml.; incubated at 30°. Results of duplicate experiments are shown 


a Duration of Phosphate Hydrolysable 
incubation liberated phosphate used 
Additions (min.) (ug-) (umoles) 
Enzyme; buffer 10 26-65 — 
Enzyme; buffer; substrate* 10 93-0 — 
Substrate; buffer; water (0-1 ml.) 10 67-7 — 
Enzyme; substrate; buffer 5 31-3 (29-3) 2-04 (2-10) 
Enzyme; substrate; buffer 10 31-3 (30-0) 2-04 (2-08) 


* Zero-time control; sulphuric acid was added before the enzyme. 
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Table 5. Phosphoglucomutase activity of aged and diluted enzyme preparations of abnormal liver 


Tubes contained 0-05m-cysteine (0-2 ml.) and enzyme (0-1 ml., appropriate preparations are described in the Methods 
and Materials section). In some cases, 6 mm-MgSO, (0-1 ml.) was also added. Final volume, 0-4 ml.; incubated at 30 


for 5 min. 


Additions 
Enzyme (1:10); MgSO, 
Enzyme (1:100); MgSO, 
Glucose 1-phosphate; water (0-1 ml.) 
Glucose 1-phosphate; enzyme (1:10) 
Glucose 1-phosphate; enzyme (1: 100) 
Glucose 1-phosphate; enzyme (1:500) 


Table 6. Glucose 6-phosphate dehydrogenase 
activity of abnormal and normal liver 


The enzyme preparation and incubation mixture is 
described in the Methods and Materials section; 0-24 mole 
of TPN was present. 

TPN reduced 


(umoles/g. of frozen tissue) 

Time Abnormal Normal 
(min.) liver liver 
0 - 
2 2-32 0-49 
5 3-06 2-78 
10 5-36 6-30 
15 7:37 6-42 
20 8-35 7-73 


On the other hand, the diseased tissue was found 
to possess a high level of phosphoglucomutase 
activity. The enzyme activity was measured by the 
method of Najjar (1948), in which an enzyme pre- 
paration is incubated with dipotassium «-glucose 
1-phosphate and the residual glucose 1-phosphate is 
estimated by acidic hydrolysis and determination 
of the liberated inorganic phosphate. 

Table 4 shows the rapid action on glucose 1- 
phosphate in 10 min. at 30°. A further experiment 
(Table 5), in which the enzyme preparation was 
diluted (1:10), showed that the substrate is used at 
a rate of 5088 umoles/hr./g. of frozen tissue. At 
higher dilutions (1:100; 1:500), the rate fell to 
1536 and 1704 umoles/hr./g. of frozen tissue re- 
spectively [Weber & Cantero (1957) give values for 
37°]. 

Because of the turbidity of homogenates of the 
diseased liver, a modification of the method of 
Glock & McLean (1953, 1956) was used for deter- 
mination of the glucose 6-phosphate dehydrogenase 
activity of the tissue. In this modification, the 
enzymic reaction was terminated by the addition of 
ethanol, and addition of Na,SO, facilitated floccula- 
tion of the opalescent substance. The rate of re- 
duction of TPN by the diseased liver was 3-06 p- 
moles/g. of frozen tissue in 5 min., in contrast with 
a value of 2-78 pmoles/g. of frozen normal tissue. 


Glucose 


Hydrolysable P 1-phosphate used 


remaining (umoles/hr./g. 

(ug-) of frozen tissue) 
7:37 
4:37 

68-2 - 

40-7 5088 

63-0 1536 

66-0 1704 


A qualitative investigation of the phospho- 
hexoisomerase activities of normal- and diseased- 
liver homogenates by the method of Glock & 
McLean (1956) showed that both tissues were 


highly active. 


Glycogen content of liver and other tissues 


The content of glycogen in the abnormal muscle 
and liver was determined by the method of Kemp 
& Kits van Heijningen (1954) (performed by 
Dr A. J. M. van Beusekom-Kits van Heijningen). 
No fixed glycogen was to be found in the muscle, 
and, in the liver, the amount of glycogen extracted 
by cold trichloroacetic acid varied between 9-91 
and 10-50%, and a further 0-53—0-67% of non- 
extractable polysaccharide remained. The amount 
of free sugars (including glucose 1-phosphate) was 
0-06-0-09 % (‘Table 7). 

The nitrogen content (Kjeldahl) of homogenates 
of the diseased liver was 21—23 mg. of nitrogen/g. of 
frozen tissue, the normal liver the 
values were 28-6--29-2 mg. of nitrogen/g. of tissue. 


whereas for 


DISCUSSION 


The present case of glycogen-storage disease is 
characterized by the accumulation of liver and 
kidney glycogen which appears to have a ‘normal’ 
structure. Glycogen is not deposited in the skeletal 
muscles, i.e. glycogenesis is not generalized, as in 
the type 2 disease. Although samples of human 
liver and kidney glycogen from comparable normal 
tissues were not available for study, the branching 
properties of the A.K. glycogens are similar to 
those of the majority of mammalian glycogens 


hitherto examined (for a review of glycogen 
structure, see Manners, 1957). 

The interaction of the A.K. glycogens with 
iodine and concanavalin-A, the average chain 


length determined by periodate oxidation, the 
a-amylolysis limit and the low limiting viscosity 
number differentiate them amylopectins, 
and hence eliminate the possibility of a deficiency 
(branching 


15-2 


from 


in amylo-1:4 > 1:6-transglucosidase 
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Table 7. Glycogen content of diseased liver (A.K.) 


The pairs of figures represent the results of duplicate experiments. 





Free Fixed Free sugars} (%) 
glycogen* glycogen Total r —E 
(%) ( (% Anthrone H,SO, reaction 


10-21, 10-50 
9-91, 10-38 


Immediately deproteinized 
Stored for 9 hr. at room temp. 


0-53, 0-63 
0-60, 0-67 


0-09, 0-06 
0-09, 0-09 


0-06, 0-06 
0-09, 0-09 


10-74, 11-03 
10-58, 10-95 


* Values for cold trichloroacetic acid extract corrected for free sugar values. 


+ 80% (v/v) methanol extracts. 
enzyme) as the biochemical lesion (type 4 disease). 
The extent of B-amylolysis shows that the outer 
chains contain, on the average, about nine glucose 
residues and are clearly much longer than those in 
phosphorylase-limit dextrins. The above reactions 
are consistent with the view that the present case 

a true von 
the probable 


corresponds to type 1 disease, i.e. 
Gierke’s It follows that 
enzymic deficiency is of glucose 6-phosphatase and 
experimental investigations have shown that this is 
in fact the case. 

The previous conclusions (Manners, 1954) on the 
the S.K. 
glycogen have been confirmed. The significantly 
greater reaction with concanavalin-A, and lower 
P, value on a-amylolysis are to be expected; the 


disease. 


unusually high degree of branching in 


extremely weak iodine-binding power from measure- 
ments of absorption spectra is also of interest. The 
S.K. and A.K. liver glycogens thus show very 
marked differences in molecular structure (see 
Table 2). It is unlikely that these glycogens were 
markedly changed during their isolation, particular 
precautions (exclusion of oxygen, etc.) being taken 
to minimize degradation. 

The ‘normal’ structure of the A.K. glycogen 
suggests that the biochemical lesion does not reside 
in a deficiency of amylo-1:6-glucosidase, as has been 
found by Illingworth & Cori (1952) and Illingworth, 
Cori & Cori (1956) for some forms of glycogen- 
storage disease characterized by glycogen accumu- 
lation in the heart and kidneys as well as in the 
liver. 

A survey of the activities of glucose 6-phos- 
phatase, phosphoglucomutase, glucose 6-phosphate 
dehydrogenase and phosphohexoisomerase in the 
diseased liver revealed that the first of these was 
present in much smaller amounts than in normal 
human liver from a child of similar age. The other 
enzymes were highly active. An enzyme prepara- 
tion from the diseased liver (A.K.) resulted in the 
liberation of 8-3yg. of inorganic phosphate/hr./ 
100 mg. of liver from glucose 6-phosphate, com- 
pared with 406 ng. with normal liver. Despite un- 
avoidable differences in the age of the diseased and 
normal tissue, these figures clearly indicate a 
marked difference in the levels of glucose 6-phos- 
In two cases of the disease re- 


phatase activity. 


ported by Cori & Schulman (1954), values were 20 
and 17 yg. of inorganic phosphate liberated/hr. as 
compared with 362 ng. for normal liver. 

The present case thus corresponds to type 1 of 
Cori’s classification, i.e. a case of von Gierke’s 
disease in which the biochemical lesion is a much 
reduced level of glucose 6-phosphatase. In these 
circumstances glucose 6-phosphate may be ex- 
pected to be retained in the liver, not being 
available to other tissues without removal of the 
phosphate group. Its conversion into glucose 1- 
phosphate and hence into glycogen is thus favoured 
either by the action of the usual phosphorylase 
mechanisms or by the alternative route suggested 
by the results of Leloir & Cardini (1957). 

The high concentration of free glycogen (10-21; 
10-50%) in the frozen diseased liver is character- 
istic of the disease. The slight decrease in the values 
(9-91 and 10-38 %) after the liver has been kept at 
room temperature for 9hr. suggest that little 
glycogenolysis has occurred during storage of the 
liver. It has to be said, however, that the diseased 
liver was not obtained until 50 hr. after the death 
of the patient and, although the body was refriger- 
ated, the possibility of some changes in glycogen 
content during this period cannot be excluded. 
Furthermore, the diseased liver was stored at — 18° 
for 3 months before it was examined. It has not 
been possible to obtain ‘normal tissue’ of com- 
parable age and origin. 

It is of interest that the present case (A.K.; boy, 
4 years old) of type 1 glycogen-storage disease is a 
sibling (brother) of the patient (S.K.; girl, 12 years 
old) who suffered from the type 3 disease (Manners, 
1954). 

Two other cases of siblings having glycogen- 
storage disease have been reported (Illingworth & 
Cori, 1952; Cori & Cori, 1952). The first was a girl 
(M.A.S.) aged 15 months having type 1 von Gierke’s 
disease; a sibling died with similar symptoms 
though biochemical details were not given. The 
second was a case of male twins (Daniel B. and 
Dennis B., aged 3} years). In both, the structures 
of the liver glycogens were apparently ‘normal’, and 
examination of the liver of Dennis B. showed a 
decreased level of glucose 6-phosphatase activity. 
These twins may be presumed to have suffered from 


1960 


ee 





ir 


ré 
al 


m 


di 
th 
el: 


De 
ma 


gel 


Sa 
eXxé 
at 
opt 
dir 
val 
the 
M-S 
a 
tho 
bei 
mo) 
live 
mat 





g60 


tion 
16 
9 


2 20 
. as 


1 of 
ke’s 
uch 
hese 
ex- 
eing 
the 
e l- 
ured | 
‘lase 
sted 


ues 
rt at 
ittle 


21; 
ster- 


‘the | 


ased 
eath 
iger- 
ogen 
ded. 
- 18° 
; not 
20m- 


boy, 
»is a 
years 
ners, 


gen- 


th & 


» girl } 


rke’s 
toms 
The 
and 
tures 
,and 
eda | 
ity. 

from 


? 


Vol. 74 


the type 1 form of the disease. Another such 
family has also been reported by di Sant’Agnese, 
Andersen, Mason & Bauman (1950). 


SUMMARY 


1. Liver glycogen ([«], + 196° in water) isolated 
in a case of glycogen-storage disease has a normal 
structure (average chain length 14-5) and resembles 
rabbit-liver glycogen in respect of «- and f- 
amylolysis and the action of isoamylase. 

2. The diseased liver has high phosphogluco- 
mutase, glucose 6-phosphate dehydrogenase and 
phosphohexoisomerase activities. 

3. Glucose 6-phosphatase is present in the 
diseased liver in much reduced quantity, indicating 
that the disease corresponds to type 1 of Cori’s 
classification, i.e. von Gierke’s disease. 

4. The present case (A.K.) is a sibling of one 
(S.K.) investigated earlier and found to be suffering 
from type 3 of the disease, i.e. a deficiency of 
amylo-1:6-glucosidase. It is notable that these 
siblings suffered from different forms of glycogen- 
storage disease. 

5. The kidney glycogen (A.K.) was also ex- 
amined and was found to have a normal structure. 


The authors wish to thank Professor Sir Hans Krebs, 
F.R.S., and Professor E. L. Hirst, F.R.S., for their interest 
in this work, the Rockefeller Foundation for a grant, the 
Department of Scientific and Industrial Research for a 
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gen for investigating glycogen contents of liver specimens. 
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ADDENDUM 


Examination in the Ultracentrifuge 


By A. G. OGSTON 
Department of Biochemistry, University of Oxford 


(Received 24 June 1959) 


Samples of kidney and liver glycogen (A.K.) were 
examined in a Svedberg oil-turbine ultracentrifuge 
at 350 rev./sec. and at about 21°; the bar-schlieren 
optical system (Baldwin, 1953) was used. To allow 
direct comparison with the previously reported 
values of Bell, Gutfreund, Cecil & Ogston (1948), 
the glycogen concentration was 1 g./100 ml. in 
M-sodium chloride. 

The forms of the boundaries were similar to 
those observed by Bell et al. (1948), both materials 
being highly polydisperse, the liver glycogen rather 
more so than the kidney glycogen; in addition, the 
liver glycogen contained a small amount of 
material sedimenting as a distinguishable boundary 


two to three times as fast as the main boundary. 
Calculated from the maximum ordinates of the 
main boundary peaks (Cecil & Ogston, 1948) and 
corrected to the values for water at 20°, the sedi- 
mentation coefficients (at 1 g./100 ml.) 
kidney glycogen 106s; liver glycogen 102s. A 
value of 0-65 was assumed for the partial specific 
volume (Bell et al. 1948). 


were: 


DISCUSSION 


The sedimentation coefficients of these samples 
were higher than any of those found by Bell et al. 
(1948) for various samples of glycogen similarly 
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120 diffusion, at 1g./100 ml.) are plotted in Fig. 1 
against the sedimentation coefficients. Extrapola- 
100 tion of this curve indicates, for the present samples, 
average molecular weights of approximately 
80 7-1x 10° (kidney glycogen) and 6-6x 10° (liver 

glycogen). 
a Orrell & Bueding (1958) have reported much 
40 higher values for sedimentation coefficients of 
glycogens, and Stetten, Katzen & Stetten (1958) 
20 have found much higher values of molecular 
weights by light-scattering. It is not clear how far 
0 these differences may be due to the use of different 
1 2 3. 4 5 6 7 8 methods of extraction or to measurement under 

10°° x mol.wt. different conditions. 
Fig. 1. O, Sedimentation coefficients plotted against 


molecular weight for samples of glycogen investigated by 
Bell et al. (1948). The full curve was drawn freehand and 
used to estimate the approximate molecular weights of 
the present samples of liver glycogen (@) and kidney 
glycogen (m). 


prepared and measured under the same conditions. 
The approximate average molecular weights of the 
latter samples (determined by sedimentation and 


REFERENCES 


Baldwin, R. L. (1953). Brit. J. exp. Path. 34, 217. 

Bell, D. J., Gutfreund, H., Cecil, R. & Ogston, A. G. (1948). 
Biochem. J. 42, 405. 

Cecil, R. & Ogston, A. G. (1948). Biochem. J. 48, 592. 

Orrell, S. A. & Bueding, E. (1958). J. Amer. chem. Soc. 80, 
3800. 

Stetten, M. R., Katzen, H. M. & Stetten, D., jun. (1958). 
J. biol. Chem. 232, 475. 


The Preparation and Purification of Cytidine 2’:3’-Phosphate 


By E. M. CROOK, A. P. MATHIAS anp B. R. RABIN 
Department of Biochemistry, University College London, Gower Street, London, W.C. 1 


(Received 6 April 1959) 


In the degradation of ribonucleic acid by pan- 
creatic ribonuclease, uridine and cytidine 2’:3’- 
phosphates are formed as intermediates and sub- 
sequently hydrolysed to the corresponding 3’- 
phosphates (Markham & Smith, 1952; Brown, 
Dekker & Todd, 1952). The kinetics of the action of 
ribonuclease on ribonucleic acid are complex 
(Vandendriessche, 1953) and interpretation awaits 
detailed investigations with substrates of low mole- 
cular weight. A first step in the logical approach to 
this problem must involve studies of the hydrolysis 
of the cyclic substrates. Thus it is necessary that 
these should be available in reasonable quantity 
and a high degree of purity. Both chemical and 
enzymic methods are available for the preparation 
of these substances. The chemical methods are to 
be preferred since the isolation of the product is 
difficult when the enzymic method is employed. 
The chemical methods involve intramolecular 


esterification of the adjacent hydroxyl] group of the 
nucleoside 2’- or 3’-phosphate; both trifluoroacetic 
anhydride (Brown, Magrath & Todd, 1952) and 
dicyclohexyl carbodi-imide (Dekker & Khorana, 
1954) have been used as condensing agents. The 


trifluoroacetic anhydride method appeared to be 
the easier route and we have investigated it in some 
detail. 


EXPERIMENTAL AND RESULTS 


Cytidylic acid. This (a mixture of cytidine 2’- and 3’- 
phosphates) was prepared by the method of Cohn & Carter 
(1950), De-Acidite FF (formate form) being used in place of 
Amberlite IRA 400. 

Trifluoroacetic acid. This was obtained from Eastman 
Kodak Co., Kirby Industrial Estate, Liverpool. 

Triflucroacetic anhydride. This was prepared by the 
method of Swarts (1922), with the modification that the 
proportion of trifluoroacetic acid to phosphorus pentoxide 
was 40:65 (w/w). 

Ribonuclease. This (lot no. 21630) was obtained from 
Armour and Co. Ltd., Hampden Park, Eastbourne, Sussex. 

Paper chromatography. Whatman no. 4 paper, previously 
washed with 2 n-acetic acid, then with water by descending 
chromatography, was employed. The chromatograms were 
developed by the ascending method for 14hr., with 
propan-2-ol-water-aq. NH; soln. (sp.gr. 0-88) (70: 25:5, by 
vol.) as solvent (Brown, Magrath & Todd, 1952). The 
papers were dried in a stream of air and the nucleotides 
detected by examination in u.v. light. In some instances the 
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phosphate spray of Hanes & Isherwood (1949) was also 
employed. 

Microanalysis. This was carried out by Weiler and 
Strauss, Oxford. 


Effect of trifluoroacetic acid on the cyclization of 
cytidylic acid in the presence of trifluoroacetic 
anhydride 


When possible mechanisms of the cyclization with tri- 
fluoroacetic anhydride are considered, it is apparent that 
there are a number of species which might act catalytically. 
For instance, trifluoroacetic acid, produced by trifluoro- 
acetylation of sugar hydroxyl groups, would be present 
during the reaction. The effect of adding varying quantities 
of trifluoroacetic acid to the reaction mixture was therefore 
investigated. 

Yeast cytidylic acid (0-19 g.) was dissolved in the tri- 
fluoroacetic acid and trifluoroacetic anhydride added. The 
reaction flask was stoppered and the mixture kept at room 
temperature for 18 hr. The solvents were evaporated at 
room temperature under reduced pressure and the residue 
was dissolved in liquid NH, (10 ml.). The flask was closed 
with a drying tube containing powdered KOH in order to 
exclude moisture. After 10 min. the NH, was removed by 
evaporation under reduced pressure at room temperature. 
A sample was chromatographed, the paper examined under 
u.v. light and the absorbing spots were marked with pencil. 
Rectangles of paper containing the nucleotides were cut 
and eluted with 0-05m-sodium acetate buffer, pH 5-0 
(5 ml.). The extinctions of the eluates were determined at 
268 mp, which is the isosbestic point of cytidine 2’:3’- 
phosphate and cytidine 3’-phosphate under these condi- 
tions. A blank was prepared from a piece of the chromato- 
gram of the same area and Ry. 

Three spots were visible on the chromatograms: the 
fastest (Rp 0-41) was cytidine 2’:3’-phosphate; that of Rp 
0-18 was unreacted cytidylic acid; the slowest (Rp 0-08) 
was presumably cytidylcytidylic acid and was formed in 
approx. 6% yield. The results are shown in Table 1. The 
percentage conversion into cytidine 2’:3’-phosphate was 
calculated assuming that the slowest-running material is 
isosbestic at 268 my with cytidine 3’-phosphate on a 
pyrimidine basis. 


Large-scale preparation of cytidine 2’:3’phosphate 


Cytidylic acid (3 g.) was added to a mixture of trifluoro- 
acetic acid (7-5 ml.) and trifluoroacetic anhydride (15 ml.) 
which had previously been cooled in an ice bath. The flask 
was stoppered, removed from the ice bath and shaken 
gently under a stream of water from the cold tap until a 
homogeneous solution was obtained. The reaction mixture 
was allowed tostand for 14hr. atroom temperature and then 
evaporated under reduced pressure. The last traces of 
volatile materials were removed in a desiccator over 
powdered KOH at a pressure less than 0-1 mm. The residual 
gum was dissolved in anhydrous liquid NH, (50 ml.), and 
the reaction mixture thus obtained was protected from 
atmospheric moisture by means of a KOH guard tube. 
After 15 min. most of the NH, was distilled off under 
reduced pressure and the final traces were removed in a 
desiccator over P,O;. Paper chromatography as described 
above showed that 91% conversion into the cyclic phos- 
phate had been achieved. 
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Purification of cytidine 2’:3’-phosphate 

Preliminary solvent fractionation. This is suitable for 
preparations of cytidine 2’:3’-phosphate which are rela- 
tively heavily contaminated with cytidylic acid. The crude 
samples used in these experiments were obtained in the 
preliminary experiments to find the optimum conditions 
for cyclization. 

The product of a cyclization run (2 g.) assaying 69% of 
cytidine 2’:3’-phosphate, in which cytidylic acid was the 
major impurity, was extracted with anhydrous ethanol 
(4x 100 ml.); the insoluble material after each extraction 
was separated by centrifuging. Excess of anhydrous ether 
(dried over sodium metal) was added with vigorous stirring 
to each of the ethanol extracts, the precipitates were 
removed by centrifuging, washed with anhydrous ether and 
dried in vacuo over P,O;. The four fractions were bulked 
(1-1 g.); the material obtained assayed 89% of cytidine 
2’:3’-phosphate, demonstrating that this is preferentially 
extracted by ethanol. A portion (1 g.) of the product was 
extracted once with 100 ml. of ethanol and then twice with 
50 ml. portions of ethanol. The nucleotides were precipi- 
tated with ether as described above. The results are shown 
in Table 2. It can be seen that, by using this relatively 
simple technique, preparations of cytidine 2’:3’-phosphate 
of 95% purity can be obtained. Other organic solvents 
were tried; of these only methanol, which gave results 
similar to ethanol, was found to be of any value. 

Separation on a charcoal column. The charcoal was ob- 
tained from Sutcliffe, Speakman and Co. Ltd., Leigh, 
Lancs (no. 130, mesh 80-200). It was washed successively 
with 2n-HCl, 2Nn-acetic acid and water until the washings 
were neutral, then with a solution of ethylenediamine- 
tetra-acetic acid (0-1 m, adjusted to pH 9-0 with NH,); this 
was followed by acetic acid and finally water until the 
washings were neutral. 

A slurry of the washed charcoal in aqueous 80% (v/v) 
ethanol was used to prepare a column (30 cm. x 5-5 em.), 


Table 1. Effect of trifluoroacetic acid on the cycliza- 
tion of cytidylic acid in the presence of trifluoro- 
acetic anhydride 


Vol. of Vol. of 
trifluoroacetic trifluoroacetic 

anhydride acid Percentage 
(ml.) (mal.) cyclization 

1-2 0-0 63 

1-0 0-2 84 

0-6 0-6 80 

0-3 0-9 62 

3 


0-0 1-2 


Table 2. Purification of cytidine 2’:3’-phosphate 
by successive extractions with ethanol 


Vol. of Percentage 
ethanol Wt. of of cytidine 
used fraction 2’:3’-phos- 
(ml.) (g.) phate 
Original material — 1-0 89 
First extraction 100 0:57 95 
Second extraction 50 0-19 94 
Third extraction 50 0-08 85 
Residue —_ 0-14 55 
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which was washed thoroughly with 80% ethanol. The pre- 
paration of cytidine 2’:3’-phosphate (1 g., 88% purity), 
dissolved in 80 % ethanol (150 ml.), was run on the column, 
which was washed with 80 % ethanol (200 ml.). Elution was 
effected by the use of a linear gradient of pyridine in 80% 
ethanol: this was achieved by connecting together two 
vessels of identical dimensions by means of a siphon tube. 
The mixing vessel, which was connected to the column, 
contained initially 80% ethanol (3260 ml.); the reservoir 
vessel contained a mixture of pyridine and 80% ethanol 
{3260 ml.; 20% (v/v) pyridine]. The contents of the mixing 
vessel were stirred with a magnetic stirrer. 

The eluate was collected in 100 ml. fractions at a flow 
rate of 400 ml./hr. Pyridine was first detected in fraction 16. 
A sample from each fraction was spotted on paper and 
chromatographed: fractions 17-20 contained cytidine 2’:3’- 
phosphate; fractions 21-22 were slightly contaminated 
with cytidylic acid; fractions 23-25 were substantially 
cytidylic acid. 

Fractions 17-20 were bulked and evaporated under 
reduced pressure to a small volume; anhydrous ethanol 
(50 ml.) was added and the mixture evaporated to dryness 
under reduced pressure. The residue was dissolved in 
ethanol (100 ml.) and cytidine 2’:3’-phosphate precipitated 
by the addition of a large excess of anhydrous ether. The 
product was collected by centrifuging, washed with an- 
hydrous ether and dried in vacuo over P,O,. Yield, 500 mg. 
A further small amount was obtained from the mother 
liquors. 

The purity of the material was checked by potentio- 
metric titration with KOH. There was no buffering in the 
region pH 6-0-7-0, demonstrating that cytidylic acid and 
pyridinium ions were absent. Buffering was observed in 
the region pH 4-0-5-0, showing that the cytosine ring is 
partly in the protonated form. The product is therefore a 
mixture of the ammonium salt and the dipolar ion of 
cytidine 2’:3’-phosphate. Chromatography confirmed the 
absence of any u.v.-absorbing or phosphorus-containing 
contaminants. 

Separation on ion-exchange resins. The resin used was 
Dowex 1 (4% cross-linked, 200-400 mesh). It was con- 
verted into the acetate form and packed into a column 
60 cm.x3cm. The column was equilibrated with tri- 
ethylamine acetate (0-2m, pH 7-4). A solution of cytidine 
2’:3’-phosphate (1 g., 80-90% purity, dissolved in 20 ml. 
of water and adjusted to pH 8-0 with NH,) was run on to 
the column, which was then washed with water (20 ml.). 
Triethylamine acetate solution (0-2mM, pH 7-4) was run 
through the column at 150 ml./hr. and the eluate collected 
in 50 ml. fractions. The extinctions of samples of the 
fractions suitably diluted were read at 268 mp. Cytidine 
2’:3’-phosphate emerged in fractions 81-96; these were 
bulked and freeze-dried. The product was dissolved in 
anhydrous ethanol (20 ml.), and anhydrous ether (200 ml.) 
was added with stirring. The suspension was kept at 0° for 
2hr. the product collected by centrifuging, washed with 
anhydrous ether and dried in vacuo over P,O,. Yields, 0-7 g. 
Chromatography showed a single spot with R, 0-41. A 
small sample was incubated with ribonuclease (50 yg./ml.) 
in acetate buffer (0-05m, pH 5-0) at room temperature for 
3hr. Paper chromatography of the incubation mixture 
showed complete conversion into cytidylic acid. Electro- 
metric titration of the material isolated from the cotumn 
showed it to be a mixture of the triethylamine salt and the 
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dipolar ion in the approximate molar proportions 7:1. No 
buffering in the region pH 6-0-7-0 was observed, confirming 
the absence of cytidylic acid. 

Conversion of the triethylamine into the potassium salt. 
Salts of volatile bases are unsatisfactory and it was con- 
sidered advisable to attempt the conversion of the material 
into the salt of an alkali metal. A column (10 cm. x 1-5 em.) 
of Amberlite IRC50 (XE64) was converted into the potas- 
sium form with carbonate-free KOH. The mixture of 
triethylamine salt and dipolar ion (1-5 g.) was dissolved in 
boiled-out glass-distilled water (10 ml.) and the solution 
was adjusted to pH 8-0 with carbonate-free KOH. It is 
essential to use carbonate-free alkali to avoid contamination 
of the product with KHCO,. The solution was run through 
the column and followed by CO,-free water. The eluate was 
collected in 5 ml. fractions; those containing u.v.-absorbing 
material were bulked and freeze-dried. The residue was dis- 
solved in anhydrous methanol (25 ml.), filtered through 
sintered glass and the potassium salt of cytidine 2’:3’- 
phosphate precipitated by the addition of anhydrous ether. 
The product was collected by centrifuging, washed with 
anhydrous ether and dried in vacuo over P,O,. The recovery 
was nearly quantitative. The titration curve showed no 
buffering in the region pH 6-0-7-0, demonstrating the 
absence of cytidylic acid. Furthermore, the cytosine ring is 
essentially all in the unprotonated form (Found: C, 30-1; 
H, 4:2; N, 11-6; P, 8-8. C,H,,0,N,PK,H,O requires C, 
29-9; H, 3-6; N, 11-6; P, 8-7%). The material is considered 
to be the monopotassium salt of cytidine 2’:3’-phosphate 
monohydrate. 


DISCUSSION 


The method of Brown, Magrath & Todd (1952) has 
been improved in two important respects. The 
addition of trifluoroacetic acid to the trifluoroacetic 
anhydride is the major improvement as_ this 
enables at least 90% cyclization to be achieved, 
thus simplifying the purification. 

Elucidation of the role of trifluoroacetic acid 
would require detailed kinetic studies to determine 
whether the effect is primarily catalytic or due to 
the displacement of equilibria. Cyclization occurs 
to a small extent in trifluoroacetic acid alone; this 
reaction is presumably an acid-catalysed esterifica- 
tion. It is consistent with the known intercon- 
version of the 2’ and 3’ nucleotides in acid media 
which probably involves the formation of a cyclic 
intermediate (Brown, Magrath & Todd, 1952). 

Brown, Magrath & Todd (1952) have proposed 
that in trifluoroacetic anhydride an unsymmetrical 
anhydride of cytidylic acid and trifluoroacetic acid 
is formed as an intermediate. It has been shown 
that the reactions with nucleophilic reagents of un- 
symmetrical anhydrides of carboxylic and _tri- 
fluoroacetic acids differ in both rate and product 
composition from those of a solution of the carb- 
oxylic acid in trifluoroacetic anhydride (Bourne, 
Stacey, Tatlow & Worrall, 1954; Tedder, 1955). 
The unsymmetrical anhydrides yield mixed pro- 
ducts on treatment with alcohols, whereas solutions 
of a carboxylic acid in trifluoroacetic anhydride 
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yield primarily carboxylate esters. The only 
difference between these two reacting systems is the 
presence of trifluoroacetic acid in the latter. The acid 
probably functions by donating a hydrogen ion to 
the most basic oxygen of the mixed anhydride, 
which would be the carbonyl oxygen atom of the 
carboxylic acid. Thus nucleophilic attack is 
favoured at the carboxylic rather than at the tri- 
fluoroacetic carbonyl carbon atom: this explains 
the preponderance of the carboxylate ester. In the 
absence of trifluoroacetic acid the major product 
should be the ester of the stronger acid component 
of the mixed anhydride, if the reaction is of the 
Sy2 type and steric factors do not become im- 
portant. 

It can be assumed that the first step in the 
cyclization in the absence of added acid is the 
formation of a mixed anhydride of cytidylic acid 
and trifluoroacetic acid, which might well be 
catalysed by strong acids. 

In the presence of trifluoroacetic acid the ioniza- 
tion of a proton from the hydroxy] group attached 
to the phosphorus atom would be suppressed. This 
should favour the attack of the adjacent hydroxyl 
group at the phosphorus rather than the carbonyl 
carbon atom, and would explain the increased 
yield of cyclic phosphate in the presence of tri- 
fluoroacetic acid. Thus the reaction would be 
similar to that of other mixed anhydrides in the 
presence of trifluoroacetic acid. 

The second improvement is the use of liquid 
ammonia in place of propanol-2-ammonia for the 
removal of trifluoroacetyl groups (J. G. Buchanan, 
personal communication). It eliminates the forma- 
tion of esters as by-products, and this simplifies the 
purification procedure. 

The purification by chromatography on charcoal 
columns was found in general to be satisfactory, 
but with some batches of charcoal a poor separation 
was obtained. Careful purification of the charcoal is 
essential. 

It has been reported (Brown, Magrath & Todd, 
1952) that cytidine 2’:3’-phosphate and cytidylic 
acid cannot be separated by ion-exchange chro- 
matography with formic acid as the eluent. This is 
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not surprising, since resolution can only be ex- 
pected over the pH range where ionization of the 
secondary phosphate of cytidylic acid occurs. For 
this reason the eluting solution should have a pH 
greater than 5-0. Experiments with ammonium 
formate were abandoned owing to the difficulty of 
removing the electrolyte completely by freeze- 
drying. Triethylamine acetate was satisfactory 
because solutions of sufficiently high pH can be 
obtained and it can readily be removed by freeze- 
drying. 


SUMMARY 


1. An improved method of cyclizing 2’- and 3’- 
cytidylic acid to the 2’:3’-cyclic phosphate with 
trifluoroacetic anhydride has been devised. Yields 
are approximately 90% of cyclic ester, of purity 
over 95%. 

2. Fractionation on Dowex 1, in the presence of 
a triethylamine—acetate buffer (pH 7-4), raises the 
purity to over 98%. 

3. Methods involving simple ethanol fractiona- 
tion or fractional elution from charcoal columns 
are described for the purification of crude cyclic 
ester. By their use, purity can be increased from 
60-80 % to 90-95 %. 

4. The mechanism of the cyclization reaction is 
discussed. 
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Spectrophotometric Assay of Bovine Pancreatic Ribonuclease 
by the use of Cytidine 2’:3’-Phosphate 


By E. M. CROOK, A. P. MATHIAS anp B. R. RABIN 
Department of Biochemistry, University College London, Gower Street, London, W.C. 1 


(Received 6 April 1959) 


Many methods have been described in the litera- 
ture for determining the activity of ribonuclease 
(McDonald, 1955); most of these employ ribo- 
nucleic acid as substrate and are not suitable for 
kinetic investigations because it is not clear which 
step in the reaction sequence is measured. The 
action of the enzyme on ribonucleic acid or pyr- 
imidine nucleotide 3’-esters involves two successive 
reactions: the formation of cyclic phosphates by 
the attack of the adjacent 2’-hydroxyl group on the 
phosphorus atom of phosphate groups 
attached to the 3’-position of pyrimidine nucleo- 
tides; the cyclic esters are subsequently hydrolysed 
to give the 3’-nucleotides. Moreover, alterations in 
structural configuration of the ribonucleic acid are 
involved in the degradation and these may be 
included in the measure of the enzyme action, e.g. 
the change in ultraviolet-absorption spectrum which 
is the basis of the Kunitz (1946) method. Thus the 
only measure of the activity of ribonuclease which 
is well defined kinetically is its ability to catalyse 
the hydrolysis of pyrimidine cyclic nucleotides. 

Richards (1955) has described a method for 
determining the hydrolysis of uridine 2’:3’-phos- 
phate which depends on differences in the ab- 
sorption spectra of the reactants and products. 
He worked with limited amounts of substrate and 
was not able to investigate fully the potentialities 
and limitations of the method. The differences in 
extinction are large only in those regions of the 
absorption spectra where the extinction changes 
rapidly with wavelength, and apparent deviations 
from Beer’s law are therefore to be expected. This 
difficulty can be overcome but is not always appre- 
ciated when new analytical methods are developed. 
Failure to take these optical factors into account 
would invalidate conclusions based on kinetic in- 
vestigations. The method described here depends 
on the differences in absorption spectra of cytidine 
2’:3’-phosphate and cytidine 3’-phosphate and is 
thus similar to that of Richards (1955); the condi- 
tions have been worked out to take account of the 
optical factors. 


those 


MATERIALS 


Cytidine 2’:3’-phosphate. The potassium salt monohydrate 
described in the preceding paper was employed. 


Cytidine 3’-phosphate. This was prepared according to the 
method of Harris, Orr, Roe & Thomas (1953). 

2-Amino-2-hydroxymethylpropane-1:3-diol (tris). This 
compound (L. Light and Co. Ltd.) was dissolved in boiling 
methanol—water (20:3, v/v), the solution filtered and the 
tris allowed to crystallize. The product was collected by 
filtration, washed with a little methanol and recrystallized. 
Equivalent weight (by titration with HCl): found, 120-7; 
calculated, 121-1. 

Tris buffer. This was prepared by dissolving 3-0285 g. of 
tris and 1-5725g. of NaCl in water, adding 23-055 m-moles of 
HCl and diluting to 250ml. with water. pH (glass electrode) 
at 25°:7-13. —log[H*](calculated from the thermodynamic 
data of Bates & Pinching, 1949): 7-00; 7, 0-2; total tris, 0-1 m. 

Water. Distilled water was passed successively through 
columns which had previously been steamed out, contain- 
ing De-Acidite FF, Zeo-Karb 225 and finally Bio-Demin- 
rolit (The Permutit Co. Ltd., London). Precautions were 
taken to protect the final effluent from contamination by 
atmospheric CO,. The purity was checked occasionally by 
conductivity measurements. 

Hydrochloric acid. Constant-boiling HCl was prepared 
according to Vogel (1951, method B); it was diluted to the 
concentration required. 

Ribonuclease. This was lot no. 21,630 obtained from 
Armour and Co. Ltd., Hampden Park, Eastbourne, Sussex. 


EXPERIMENTAL 


Spectra of cytidine 2’:3’-phosphate and cytidine 
3’-phosphate. The spectrum of cytidine 2’:3’- 
phosphate (0-25 mg. dissolved in 2-5 ml. of tris 
buffer) was measured against a blank of tris buffer 
(2-5 ml.). Enzyme solution (0-01 ml., 8 mg./ml. of 
tris buffer) was added to both cells; after 2 hr., 
when the reaction was completed, the spectrum 
was again read and assumed to be that of cytidine 
3’-phosphate. Paper chromatography as described 
in the preceding paper confirmed the absence of any 
unhydrolysed cyclic phosphate. The spectra are 
shown in Fig. 1. The difference spectrum, shown in 
Fig. 2, was calculated, the small volume change 
caused by the addition of the enzyme solution 
being neglected. 

The absorption maxima for cytidine 2’:3’- 
phosphate and cytidine 3’-phosphate are respec- 
tively at 268 and 271 my; there is an isosbestic 
point at 265myp. The maximum difference in 
extinction coefficients is at 286 mp, where the 
ratio of the extinctions is 1-495. 
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Stoicheiometry of reactant and product. For the 
determination of activity of ribonuclease it is 
advantageous to work at a wavelength where there 
is a large difference in the extinctions of the sub- 
strate and product. This necessitates working in a 
region of the absorption spectra where the ex- 
tinctions change rapidly with wavelength. In 
these circumstances, apparent deviations from the 
Beer—Bouger relationship are to be expected. 
Accordingly, the stoicheiometry of both cytidine 
2’:3’-phosphate and cytidine 3’-phosphate have 
been determined at a number of wavelengths, and 
the maximum substrate concentrations which can 
be investigated with a cell of 1 cm. path length and 
a slit width of 0-6 mm. (Hilger Uvispek model no. 
H 700.307) are: at 284 my, 0-16 mg./ml.; at 288 my, 
0-20 mg./ml.; at 292 mp, 0-4 mg./ml. 

Mixtures of cytidine 2’:3’-phosphate and cytidine 
3’-phosphate gave extinctions identical with those 
calculated on the assumption that the extinctions 
of the components are additive. 

As is to be expected in regions where the ex- 
tinction changes rapidly with wavelength, the 
measured values of the extinction increase con- 
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Fig. 1. Absorption spectra of cytidine 2’:3’-phosphate 
(0-1 mg./ml.) and the product obtained from it by the 
action of bovine pancreatic ribonuclease. Spectra were 
determined in tris buffer (pH 7-13; J 0-2). —, Cytidine 
2’:3’-phosphate; - - - -, hydrolysis product. 
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siderably as the slit width is reduced. Therefore it is 
important to work at a constant slit width if 
reproducible results are to be obtained (see Fig. 3) 
and, slit widths as narrow as possible should be 
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Fig. 2. Difference spectrum (cytidine 3’-phosphate—cytid- 
ine 2’:3’-phosphate; each 0-1 mg./ml.). 
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Fig. 3. Variation of extinction with slit width of the 
potassium salt of cytidine 2’:3’-phosphate dissolved in 
tris buffer (pH 7-13; J, 0-2). @, 0-18 mg./ml., deter- 
mined at 284my; O, 0:25 mg./ml., determined at 
288 my; A, 0-70 mg./ml., determined at 292 mp. 
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used so as to extend the region in which extinction 
is proportional to concentration. 

Determination of the kinetics of hydrolysis of 
cytidine 2’:3’-phosphate. In all instances the 
reaction was carried out in stoppered quartz cells 
in a thermostatically controlled cell holder main- 
tained at 25+0-2°. The volume of the reaction 
mixture was 2-5 ml.; readings were made at 284 mp, 
slit width 0-6 mm. 

It is important that the extinction of the re- 
action mixture at zero time, before any hydrolysis 
has taken place, should be known accurately since 
it is difficult to determine this by extrapolation of 
the progress curve. Two methods of following the 
reaction have been employed. Both enable the 
extinction at zero time to be determined. 

(1) Differential method, with a blank of the same 
composition as the reaction mixture without the 
enzyme. Allowance was made for the small ex- 
tinction due to the enzyme. In most instances the 
reaction was started by adding the substrate 
(0-25 ml.) to the other components of the reaction 
mixture, in a stoppered quartz cell. The contents 
were rapidly mixed by inversion; a first reading 
may be obtained within 20 sec. This method has the 
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Time (min.) 

Fig. 4. Examples of some progress curves of the hydrolysis 
of cytidine 2’:3’-phosphate by ribonuclease in tris buffer 
(pH 7-13; J, 0-2). In all cases the substrate concentra- 
tion was 0-1 mg./ml. Enzyme concentrations (yg./ml.); 
@. 5; O, 10; A, 20; A, 30; x, 35. The broken line 
represents maximum value of the increase in extinction 
for an enzyme concentration of 0-035 mg./ml. The 
maximum values associated with the other enzyme 
concentrations differ slightly from this owing to the 
different values of the extinction due to the enzyme. 
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advantage that the scale readings are lower than if 
the blank consisted of buffer alone, enabling 
greater precision to be achieved. 

(2) Direct method, with a blank consisting of the 
reaction mixture without substrate. The reaction 
solution, without enzyme, was first read against 
a blank consisting of the same volume of buffer. 
Enzyme solution was added to both cells and the 
extinction at 284 mp determined at suitable times. 
By allowing for the increase in volume on addition 
of the enzyme solution, the extinction of the re- 
action mixture at zero time can be calculated. 

Examples of some progress curves are shown in 
Fig. 4. 

Determination of initial velocities. Because of the 
marked curvature of the progress curves it is 
difficult to determine the initial velocities by 
drawing tangents at the origin. The following 
method was found satisfactory. The extinction 
increase corresponding to complete hydrolysis is 
required and was usually obtained by allowing the 
reaction to go to completion. For reaction mixtures 
with low enzyme concentrations it can be calcu- 
lated. 

In Fig. 5 plots of log (A—«) against time are 
shown, where A is the change in extinction for 
complete reaction and «x is the change in extinction 
at time ¢. These plots are essentially linear in the 
early stages of the reaction. Thus [d log (A —2)]/dt 
can be obtained. It is possible to obtain the initial 
velocity in terms of extinction changes from: 


js see. 


~ dt dt (1) 


The linearity of the plots in Fig. 5 suggests that 
the reaction is first-order with respect to both 
enzyme and substrate, in the concentration range 
investigated. 

ds LES (2) 
mr a | : 
where S is the concentration of substrate remaining 
at time ¢ and E is the enzyme concentration. 
Integration of equation (2) gives: 
A 
In —— = kEt, (3) 


A= 2 


which is consistent with the experimental observa- 
tions. The slight deviation from linearity which 
occurs as the reaction approaches completion is 
probably due to product inhibition, which is known 
to occur for ribonuclease (Davis & Allen, 1955). 
The variation of initial velocity with enzyme con- 
centration is shown in Fig. 6; this demonstrates the 
high degree of precision of the analytical technique. 
Method suitable for the rapid assay of ribonuclease. 


Since the initial velocity of the hydrolysis of 
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cytidine 2’:3’-phosphate is proportional to the 
enzyme concentration (eqn. 1), preparations of 
ribonuclease can be assayed by following the 
progress curve under standard conditions and 
calculating the initial velocity. Although accurate, 
this is unsatisfactory if a large number of determi- 
nations is required. 

If the initial substrate concentration is fixed, the 
reciprocal of the time required for any given 
fraction of the substrate to be hydrolysed, i.e. 
for the extinction to change by a fixed amount, 
should be proportional to the enzyme concentra- 
tion. This will be true if the reaction is zero or 
first-order with respect to substrate, and first-order 
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Fig. 5. Examples of plots used for the determination of the 


initial velocity of the hydrolysis of cytidine 2’:3’- 
phosphate catalysed by ribonuclease. The text should be 
consulted for definition of A and x. The full lines repre- 
sent the regions of linearity of the curves and take into 
account points which are not shown. To avoid confusion, 
no values before 1 min. have been plotted. The substrate 
concentration was 0-1 mg./ml. throughout and the 
enzyme concentrations (yg./ml.) were: O, 5; @, 10; 
A, 20; A, 30; x, 35. 
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with respect to the enzyme. Good straight lines 
are obtained up to an enzyme concentration of 
35 pg./ml. 

A simpler and rapid assay method which is less 
exact is to measure the increase in extinction in a 
given short reaction time, i.e. to assume that the 
initial part of the progress curve is straight and the 
slope proportional to the enzyme concentration. 
This is satisfactory with a substrate concentration 
of 0-1 mg./ml. provided that the increase in the 
extinction does not exceed 0-11 (up to 30% 
hydrolysis). Again, good straight lines are obtained 
up to an enzyme concentration of 35 yg./ml. The 
method has been applied with success to the assay 
of ribonuclease fractions emerging from ion- 
exchange resins (C. A. Ross, unpublished work). 


DISCUSSION 
Unknown concentrations of ribonuclease may thus 
be determined by comparison with standard 
samples of crystalline enzyme. Suitable conditions 
are: pH, approximately 7-0 and a fairly high ionic 
strength to minimize the effects of changes in the 
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Fig. 6. Plot of initial velocity against enzyme concentra- 
tion for hydrolysis of cytidine 2’:3’-phosphate catalysed 
by ribonuclease. The substrate concentration was 
0-1 mg./ml. 
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substrate during the reaction; wavelength, 284 mp 
(or within the range 284-290 my); initial substrate 
concentration, within the range 0-1—0-3 mg./ml.; 
slit width as narrow as possible. The final decision 
on slit width will depend on the conditions of the 
experiment and the sensitivity and stability of the 
spectrophotometer. The most important factor is 
that it should remain constant throughout a set of 
measurements. 


SUMMARY 


1. A spectrophotometric assay of bovine ribo- 
nuclease has been developed based on the change in 
ultraviolet-absorption spectrum resulting from the 
hydrolysis of cytidine 2’:3’-phosphate. 

2. The relevant optical and kinetic details have 
been carefully investigated and satisfactory condi- 
tions for the assay have been delineated. 
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3. Simple modifications which allow rapid 
assays of somewhat lower precision are also de- 
scribed. 
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Structural Changes in Collagen 


THE ACTION OF ALKALIS AND ACIDS IN THE CONVERSION 
OF COLLAGEN INTO EUCOLLAGEN 
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The British Gelatine and Glue Research Association, 2a Dalmeny Avenue, London, N. 7 
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The chemical and structural changes which the 
collagen of native adult mammalian skin, bone and 
tendon can undergo are difficult to follow because 
of the insolubility of the protein and the presence in 
small quantities of other substances which can be 
completely eliminated only by reagents which may 
Reaction with 1-fluoro-2:4- 
satisfactory 


modify the collagen. 
dinitrobenzene is one of the most 
methods of following the changes, since it can 
indicate the release of free «-amino groups. These 
may be formed either from the rupture of peptide 
bonds, from the removal of substances masking the 
groups or from changes of configuration which 
remove steric difficulties (see Steven & Tristram, 
1958, for lysine e-amino groups). Bowes & Moss 
(1953) and Grassmann & Hérmann (1953) have 
native ox-hide collagen to be without 
whereas 


shown 


detectable N-terminal residues, small 
quantities of end groups have been shown to be 
released by certain treatments. Bowes & Moss 


(1953), after using 8mM-urea, found a small amount 


of N-terminal aspartic acid (1 mole/1400 kg. of 
collagen) and, after using alkali at pH 13-0 for 
14 days, found N-terminal aspartic acid, glutamic 
acid, phenylalanine and glycine, with a residue 
Deasy (1958), 


total of 1 mole/130 kg. of collagen. 


with a similar collagenous material, found N- 
terminal aspartic acid, serine and glycine in small 
quantities after a very mild treatment at about 
pH 8-6. 

The conversion of collagen into gelatin of high 
molecular weight often requires, as an initial stage, 
the prior treatment of collagen in alkali or acid. 
The quantities of N-terminal residues found in 
gelatins by Courts (1954a) are substantially in 
excess of those given above for collagen, and Courts 
(1958) showed, in an extreme case, that the severe 
changes in protein chain length, which take place 
in the overall process whereby collagen is con- 
verted into gelatin, occur mainly during the initial 
pretreatment with cold alkali rather than as a 
result of hydrolyses during hot extraction of the 
gelatin. The present work describes in more detail 
the changes brought about in collagen by alkalis 
and acids with N-terminal-residue assay as the 
principal means of assessing changes. 

Parallel with the changes in collagen during pre- 
treatment is the solution in the alkaline and acid 
reagents used of substances which may play a part 
in the stability of the structure of native collagen. 
Partridge (1948) suggested that chondroitin sul- 
phate in cartilaginous tissue acted as a multivalent 
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ion, building up complexes with protein molecules 
in the form of fibrous macromolecules. Jackson 
(1953) has pointed out that conditions which 
favour mucoprotein extraction also lead to a 
striking reduction in tissue stability. In this paper 
he refers solely to alkaline reagents and calcium 
chloride, but in a later paper (1954) he shows 
similar results with hyaluronidase. Acid conditions, 
which are considered to be unfavourable to muco- 
protein extraction, but which may impair collagen 
stability, have previously only been studied em- 
pirically (Ames, 1957; Kiintzel, Cars & Heidemann, 
1958) but are included with alkalis in this report. 

Ames (1957) suggested the possibility of obtain- 
ing a purified collagen, and hence a_ purified 
gelatin, by successive extractions of collagen with 
acid and alkali in the cold, thus benefiting by the 
removal of those non-collagen impurities which are 
soluble in one but not the other pretreatment. His 
results with ox-tendon, which were essentially 
exploratory, showed a secondary effect; the initial 
hydrochloric acid treatment apparently opened up 
the structure for subsequent calcium hydroxide 
attack. The reaction of bone collagen to this type 
of ‘dual-soak process’ has been assessed, together 
with the other reactions, in this present study and 
found to have important implications. 

The evidence for multi-chain molecules (Courts & 
Stainsby, 1958) suggests that the number-average 
molecular weight (/,,) values calculated from N- 
terminal residue assay (Courts, 1954a, b) should be 
more correctly termed ‘number-average chain 
weight’ (C,). Thus if 100 000 g. of protein gives a 
total of 7’ mole of N-terminal residues, then C,, is 
109 000/7’. 

It is clear from Courts (1958), Courts & Stainsby 
(in preparation) and the present work that collagen 
which has been subjected to intensive alkali treat- 
ment in the presence of a restrainer of swelling is 
considerably different in many of its properties 
from native collagen, so that the retention of the 
term collagen for pretreated material may be mis- 


leading. The number-average chain weight (C,,) of 


well pretreated collagen is about 62 000, which is 
similar to gelatin rather than to native collagen. In 
this paper the term ‘eucollagen’ (Gr.: 
ducing glue) has been adopted. ‘Eucollagen’ is 
defined as collagen which has been chemically 
modified so as to be transformed completely into 
gelatin, with C,, 60 000 (approx.), in a few minutes 
below 60° in water at pH 7-0, or in hydrogen-bond 
breakers at lower temperatures, e.g. at 18° with 


easily pro- 


2m-sodium salicylate, 2M-potassium thiocyanate, 
4m-lithium bromide and 4m-mercaptoacetic acid, 
as described by Courts (1958). This implies that 
only secondary forces, including hydrogen bonds, 
are retaining the collagen configuration. A further 
property of ‘eucollagen’, which emphasizes its 
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structural remoteness from native adult collagen, 
is its ready solubility in dilute acid buffers, giving 
rise to a solution which is conveniently termed 
‘soluble eucollagen’. 


MATERIALS AND METHODS 


Bone collagen (ossein). The most convenient form of adult 
mammalian collagen for the present work, available in 
quantity, was ossein. This was obtained as a commercial 
product prepared from the mixed bones of the Indian ox. 
The bones had been sun-dried and demineralized with HCl 
for about 1 week at 10—-15°, a countercurrent process being 
used ; spent acid is used initially on the bone, then the acid 
concentration is raised to a final value of 8% (w/v). In the 
present work ossein from the compact bone was used and 
the spongy pieces were rejected. Ossein pieces are irregular 
in shape, and, in the batch used, they had an average 
particle volume of approx. 0-15 ml., as estimated by the 
displacement of water method. This material had an ash 
content of 0-6 % and water content of 20%. 

Ash content. Ash contents were determined as sulphated 
ash by heating for 16 hr. at 550° initially in the presence of 
H,SO,. 

Water content. The water (or moisture) content was 
determined by drying to constant weight at 105°. 

N-Terminal residue determinations. (a) Reaction with 
1-fluoro-2:4-dinitrobenzene (F DNB). The method of Sanger 
(1945) was used as modified for gelatin by Courts (1954a). 
The procedure for the collagens was very similar. These 
materials were washed to an approximately neutral pH 
value and finely subdivided in a food disintegrator at 
1800 rev./min. before the reaction with FDNB. Collagen or 
eucollagen, containing about 2 g. of protein, was suspended 
in 4% NaHCO, (200 ml.), treated with excess of FDNB 
(5-7 g.) at 25° and vigorously shaken for 24 hr. The 2:4- 
dinitrophenyl (DNP)-protein was strained off on nylon 
mesh and washed as follows: 5 min. in water (500 ml.), 
2 hr. in 0-1 N-HCI (200 ml.), then 2 hr. in water followed by 
several treatments with acetone until no further yellow 
colour was discharged. The solid was air-dried at room 
temperature. Ash and water contents were determined. 

(6) Hydroly About 500mg. of DNP-protein was 
heated with 5-5n-HCl (5 ml.) for 16 hr. in sealed tubes at 
100°. The extraction of DNP-amino acids, their separation 
and identification by chromatography on Celite and the 
quantitative estimations were carried out as described in 
Courts (1954a), except that, in view of the conclusions in 
that paper and in Grassmann & Hérmann (1953) and 
Heyns & Legler (1956), no attempts were made to find V- 
terminal proline or hydroxyproline. 

Thermal conversions into gelatin. These were carried out 
at approx. pH 7 in water. The treated collagen was heated 
at 60° for 2 hr., the residue was heated at 80° for 3 hr. and 
that residue heated at 93° for 2 hr. The gelatin solutions 
were filtered hot and gelled at 4°. Strips of gel approx. 
4 cm. x1 cm. x0-5 cm. were dried in a current of air at 
20-30°. Moisture and ash contents were measured. 

Collagen to eucollagen reactions. The two alkalis chosen for 
this study were (A) saturated Ca(OH), solution, which 
maintains pH 12-6 at room temperature and may therefore 
be considered to give mild alkaline treatment to collagen, 
and (B) NaOH solutions at pH values about 14, represent- 
ing more intensive alkaline attack. The pH-swelling curves 
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for collagen (Bowes & Kenten, 1950) suggest that treat- 
ment (A) will not lead to excessive swelling and treatment 
(B) will be objectionable because of the high degree of 
swelling. Treatment (B) produces fragile collagen, not 
uniformly treated throughout the mass and difficult to 
wash salt-free at pH 7-0. In addition the outer fibres dis- 
solve to give low-molecular-weight protein. Bowes & 
Kenten (1950) showed that the presence of 2m-NaCl 
restrained the swelling in the range pH 10-13 but not 
above. Kiintzel et al. (1958) found that acid swelling was 
almost eliminated by either NaCl or Na,SO,. The latter 
compound was used effectively by Ames (1944) and 
A. G. Ward (unpublished work) in swelling experiments on 
collagen at high pH values and was also adopted in the 
present work. The following experiments were designed to 
give increasing degrees of pretreatment. 

Calcium hydroxide solution. Collagen (60 g.) was treated 
with a suspension of Ca(OH), (25 g.) in water (500 ml.) at 
20° for 2 weeks, 2 months and 6 months. The mixtures were 
stirred from time to time. The reactions were carried out in 
sealed Le Meilleur preserving jars. No special precautions 
were used to exclude CO, and pH 12-6 was maintained 
throughout. 

Sodium hydroxide solution. Collagen (60 g.) was treated 
with 20% Na,SO, solution (375 ml.) for 1 day at 20°. The 
liquor was poured off and used to dissolve NaOH (11 g.), 
then re-introduced to the collagen for 2 days, 5 days, 
12 days and also 10 days with 19 g. of NaOH. 

Sulphuric acid (hot). The process used (Deutsches 
Gelatine Fabriken, 1952) was to soak collagen (60 g.) in 
20% Na,SO, solution (300 ml.) containing cone. H,SO, 
(3-2 ml.) for 24 hr. The mixture was then heated at 80° for 
30 min. and also 40 min. 

Dual-soak process. Three main variables were examined: 
strength of HCl suitable for ossein, length of acid treatment, 
reversal of the procedure by treating first with saturated 
Ca(OH), ; all at 20°. The collagen was washed between each 
treatment: 3 days in 2-5n-HCl, then 9 days in Ca(OH), ; 
5 days in 2-5n-HCl, then 9 days in Ca(OH),; 7 days in 
2-5N-HCl, then 9 days in Ca(OH), ; 2 days in 1-67N-HCl, 
then 13 days in Ca(OH), ; 3 days in 1-67 N-HCl, then 13 days 
in Ca(OH), ; 7 days in Ca(OH),, then 3 days in n-HCl. 

Mucoprotein estimations. The extent of removal of muco- 
proteins from collagen by alkaline and acid solutions was 
examined by the method described in Courts (1959) based 
on the diphenylamine reaction of Dische (1929). The 
collagen was first enzymically digested by one of two 
methods. 

(i) Disintegrated collagen (1 g. dry wt.) was covered with 
water (20 ml.) and held at about 70° for 15 min. After 
cooling to about 40°, a 0-4% solution of crystalline trypsin 
(Armour Laboratories; 1 ml.) was added, and the whole 
held at 37° for 1 day. 

(ii) Disintegrated collagen (1 g. dry wt.) was treated at 
37° with 20 ml. of solution prepared in the following way: 
crude papain (Norman Evans and Rais Ltd., Stockport, 
Cheshire; 5 g.) was shaken for lhr. in water (500 ml.) 
containing 5n-HCl (1 ml.), and filtered. Into the filtrate 
was dissolved urea (90 g.) and mercaptoacetic acid (5 ml.), 
and the solution was adjusted to about pH 5-5. Crude 


papain is heavily contaminated with mucoprotein and 
a blank on this solution was necessary. 

Aqueous solutions of certain protein/polysaccharide 
complexes are partitioned in contact with a solution of 
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phenol saturated with water at 20°; the phenol dissolves 
the protein and the polysaccharide is retained in the 
aqueous phase. A solution of phenol was prepared by dis- 
solving 100 g. of phenol in 100 ml. of water at about 50° and 
allowing this to stand overnight at 20°. The upper layer was 
discarded. 

The digests obtained were carefully shaken with the 
solution of phenol at 20° and the colorimetric determina- 
tions carried out as described for gelatin by Courts (1959). 
In estimating mucoprotein in the reaction liquors, these 
were first neutralized. Those containing Na,SO, were 
allowed to stand at 4° overnight to allow this salt to 
crystallize. The supernatant liquors were then shaken with 
an equal volume of the phenol solution at 20° and the 
estimation was continued as before. In certain instances the 
increased density of the sulphated liquor causes the aqueous 
phase to appear below the phenolic phase. 

Shrinkage temperature. Collagen fibres undergo a striking 
axial contraction on heating, often shrinking to 30% 
of the original length at approximately constant volume. 
A full account of shrinkage phenomena and measurements is 
given by Gustavson (1956). When collagen fibres are in 
equilibrium with water the temperature of shrinkage (7',) 
may be adequately defined within 2° or 3°, although the 
phenomenon is rarely sharp. Flory & Garrett (1958) have 
shown that the transition occurring during collagen 
shrinkage involves the melting of crystalline regions. 
W. E. Braybrooks (personal communication) showed that 
T, for sheepskin is reduced by the action of saturated 
Ca(OH),. 

In the present work, 7’, was measured on neutral pieces 
of collagen—water or eucollagen—water systems freely sus- 
pended in toluene. After warming to 35°, the temperature 
was raised by 1°/min. It was found initially that the 
shrinkage of highly swollen collagen or eucollagen sus- 
pended in water was less sharply defined than with native 
collagen. These materials, however, have a considerable 
bound-water environment. Thus if the heating is carried 
out in a water-insoluble liquid, such as toluene, the 
shrinkage is more readily observed on account of the forcing 
out of drops of interstitial water or, with eucollagen, the 
melting into gelatin. The 7’, values for swollen materials 
suspended in toluene are the same as when suspended in 
water, within the limits of the experimental procedure. 

Swelling factor. The weight ratio (collagen + water)/ 
collagen measured at about pH 7 after a given treatment is 
called the swelling factor. It is evaluated by weighing the 
washed material, after allowing it to drain for 5 min., and 
dividing the weight by the weight of dry collagen which it 
contains (dried to constant weight at 105°). 


RESULTS 


Following the definition of eucollagen given earlier, 
when collagen is partially converted into eucollagen 
the extent of the reaction may be indicated by the 
yield of gelatin obtained with standard thermal 
conditions (2 hr. at 60°). During this time, little 
additional hydrolysis of collagen occurs, so that the 
yield consists of gelatin produced solely by a con- 
figurational change in the eucollagen present at 
the start of extraction. This yield is given in 
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Table 1. Sodium salicylate (2m) gives a similar 
vield at 18°, 24 hr. (A. Courts, unpublished work). 
The rate of reaction with cold alkali is, as expected, 
much greater at about pH 14 than at pH 12-6. The 
prior soak of the collagen in acid has a marked 
effect on subsequent reactions at pH 12-6 and the 
rates then simulate those at the higher pH values 
without prior acid treatment. 

The N-terminal amino acid residue values given 
in Table 2 show similarities in the relative pro- 
portions of end groups for pretreated collagen and 
for gelatin, and the similarity extends to the total 
number of end groups per 100 kg. of protein as the 
degree of alkaline treatment increases. The total 
N-terminal residues developed by a treatment 
intensive enough to cause the conversion of 50 % of 
the collagen into eucollagen, as estimated by the 
above method, corresponds to C, about 62 000. 
Subsequent thermal degradation conditions during 
extraction can reduce the gelatin “chains to C,, 
< 60000, e.g. Table 2 (cf. also Courts, 19545). 
However, C,, for treated collagen is not changed by 
these conditions, as is shown in Table 2. A 
minimum value of C, about 62000 for treated 
collagen is apparent. There appears to be no 
significant difference in the pattern of peptide 
bond-breaking between the alkaline attack of 
Ca(OH), and NaOH, although again the latter can 
have a much faster rate of reaction. The hot acid 
attack on collagen shows significant changes from 
alkaline hydrolysis. Thus for a given degree of 
conversion into eucollagen, fewer N-terminal] 
residues of glycine, serine and aspartic acid are 
encountered; the threonine, alanine and glutamic 
acid terminal groups are as frequent as for the 
alkali process. The acid process in the presence of 
Na,SO, leaves a further bond in treated collagen 
to be broken by heat, once the sulphate is removed. 
In this way, collagen after treatment (C,, 130 000) 
undergoes a transition at 60° to both gelatin and a 
degraded collagen residue with C, 65000. End- 
group studies of collagen given the dual soak with 
cold HCl, followed by Ca(OH),, show in Table 3 an 
important function of alkalis in releasing N-terminal 
glycine and serine. 

An attempt was made to prepare mucoprotein- 
free ossein without hydrolysing peptide bonds, and 
the method of Eastoe & Eastoe (1954) employing 
10% CaCl, at pH 9-0 was used. The purified 
collagen had C, 340000. This value compared 
favourably with C,, 350 000 for heat-shrunk ossein 
which had been held at 60° for 3 hr. 

The changes in the mucoprotein content of 
collagen with the selected treatments are shown in 
Table 4. This emphasizes the effect of alkalis in 
removing mucoprotein from collagenous tissue, but 
shows also that strong acids may remove sub- 
stantial quantities. Thus cold 2-5nN-HCl extracts 
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Table 1. Gelatin yields 
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Yields are based on treated collagen. The gelatin yield may be regarded as the proportion of eucollagen developed by the treatment. For conditions, see text. 
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about 90% of available mucoproteins and 1-67N- 
HCl about 75%. The acid process at 80°, which 
uses 0-2N-H,SO,, extracts up to 60% of the muco- 
protein into the reagent. Table 4 indicates the 
mucoprotein content of the ossein to be about 
2-2%. After the alkali or acid treatments, the 
collagen was given a preliminary wash in 11. of 
water and then washed to neutrality in running 
water. It is evident that this continuous washing 
removes substantial proportions of the muco- 
protein after the treatment with NaOH. 

The degree of swelling in collagen, which has 
been modified by the reagents used, is shown in 
Table 5. Collagen treated with 1-67N-HCl has a 
swelling factor of 3-5 after 2 and 3 days. This value 
was not altered by the subsequent treatments with 
Ca(OH),. There is no overall indication that the 
swelling factor is connected with eucollagen forma- 
tion, although there is an apparent relationship 
within each alkaline series. The fall in shrinkage 
temperature of ossein from 67° to the values shown 
in Table 3 suggests a minimum value of 44° 
attained by either acid or alkali. 


DISCUSSION 


The conversion of collagen into eucollagen involves 
the progressive hydrolysis of especially labile 
peptide bonds. Where the cleavage is by alkali, 
a minimum number-average chain weight (C,,) of 
60 000-65 000 is attained and in any subsequent 
transition to gelatin this value is not greatly modi- 
fied, if secondary thermal hydrolysis after solution 
of the gelatin is avoided. This implies that the 
transition, eucollagen to gelatin, does not require 
further covalent-bond breaking along the peptide 
chains, and in Courts (1958) the view is put that the 
stability of eucollagen relies mainly on regions of 
strong hydrogen-bonding. Gelatin may therefore 
be described as the molecularly disorientated form 
of eucollagen, although partial re-orientation may 
occur during gelation and also in the dry gelatin 
film (Robinson, 1953). 

The principal N-terminal residue of bone collagen 
after demineralizing with acid is glycine, but the 
amino groups of serine, threonine, aspartic acid and 
glutamic acid and alanine appear after only mild 
alkaline treatment, and develop with time or 
intensity of treatment to a maximum total of about 
1-6 residues/100 000g. of degraded collagen, 
corresponding to C,, 62 000. It has not been found 
possible to increase this N-terminal residue total 
in degraded collagen, either by prolonging the 
alkaline reaction or by heating in water at 93°. It 
is apparent that the existence of collagen molecules 
in the insoluble form with C, below 62 000 is only 
brief. Where C,, is reduced below this value by cold 
reagents, then solution into the reagent occurs. 
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(This probably accounts for the loss of collagenous 
material which very alkaline 
solutions.) Collagen molecules thermally degraded 


occurs in acid or 
above the shrinkage temperature to C,, below 
62 000 are likely to go into solution as gelatin. 
Whatever the C, value attained by degrading 


Table 3. 


Residues are expressed as moles/100 kg. of protein. C, 


A. COURTS 


1960 


collagen with alkali, this value does not alter 
as a result of subsequent thermal conditions 
applied to it, even though the gelatin formed 
in the process may become thermally degraded 
and hence show a further development of terminal 


amino groups. 


Changes in N-terminal amino acid residues and shrinkage temperature of collagen 


is number-average chain weight calculated from total. N- 


Terminal residues were released by treatment with 2-5n-HCl, then Ca(OH), for 9 days. For conditions, see text. 





KO/ 


After After After 
After 2-5N- After 2-5N- After 2-5N- 
2-5N- HCl and 2-5N- HCl and 2-5N- HCl and 
HCl then HCl then HCl then 
(3 days) Ca(OH), Diff. (5 days) Ca(OH), Diff. (7 days) Ca(OH), Diff. 
Glycine 0-39 0-64 +0-25 0-42 0-70 + 0-28 0-48 0-80 +0-32 
Serine 0-10 0-24 +0-14 0-10 0-27 +0-17 0-15 0-27 +0-12 
Threonine 0-18 0-17 —0-01 0-24 0-18 — 0-06 0-34 0-25 — 0-09 
Alanine 0-13 0-10 — 0-03 0-15 0-07 — 0-08 0-18 0-12 — 0-06 
Aspartic acid 0-08 0-14 + 0-06 0-08 0-15 + 0-07 0-16 0-26 +0-10 
Glutamic acid 0-05 0-09 + 0-04 0-06 0-07 +0-01 0-08 0-08 “= 
Others 0-10 0-07 -- 0-12 0-08 — 0-17 0-08 -= 
Total 1-03 1-45 1:17 1-52 —_— 1-56 1-86 -= 
10*C,, 98 69 - 85 66 — 64 54 — 
T, 52 44 48 46 ‘ 45° 45° ae 
Table 4. Mucoprotein content of untreated and treated collagen and reagents 
For conditions of the treatments, see text. Values are given as g. of mucoprotein per 100 g. of collagen. 
Treatment with NaOH 
Treatment with ——- NS - ——  —, Treatment 
Ca(OH), 3% (w/v) with 
Un- (ep - — 5% (w/v) H,SO0, 
treated 2weeks 2months 6 months 2 days 5days 12days Il10days (40 min.) 
Collagen 2-15 1-10 0-42 0-00 0-40 0-25 0-15 0-08 0-87 
Reagent 0-87 1-32 1-20 0-20 0-50 0-85 1-80 1-44 
First wash 0-00 0-27 1-03 0-63 0-60 0-33 0-37 0-01 
Total 2°15 1-97 2-01 2-23 1-23 1-35 1-33 2°25 2-32 
Dual soak 
2 days 3 days 
Treatment with 1-70 1-75 
Treatment with 2-5n-HCl 1-67 N-HCl 
ae 3 ares ; am Treatment of residual 0-30 0-20 
3 days 5 days 7 days collagen for 13 days 
2-05 2-05 2-07 with Ca(OH), 
Table 5. Swelling factors of treated collagen 
For conditions, see text. 
} 
Treatment with NaOH 
_ —— ‘ _ — 
Treatment with Ca(OH), 3% (w/v) Treatment with H,SO, ) 
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as ete 
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Treatment with 2-5n-HCl and 
then 9 days with Ca(OH), 
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5S, Ol) a 
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er The action of hydroxyl ions on the peptide bonds first stage of the dual soak): (a) the N-terminal 
ns of collagen is the same whether calcium hydroxide residues have developed to the same extent as in 
sd or sodium hydroxide is the source, although there _ the presence of strong alkali, with the exception of 
d is an apparent correlation between the rate and the N-terminal glycine and serine; (b) the collagen 
al hydroxyl ion concentration. There is, however, a chains have decreased in size to C, values re- 
second factor to which extremes of alkalinity and sembling high-grade gelatin obtained through acid 
acidity contribute in an important way. A pre-treatment, namely, 65 000—70 000; (c) the shrinkage 
liminary soak of collagen in a strong cold acid temperature (7'’,) values (Table 3) would indicate, 
accelerates the subsequent conversion into eucol- by analogy with the collagen—alkali system, ex- 
ic lagen with calcium hydroxide, by a factor as high tensive eucollagen formation (the shrinkage temper- 
as 20-fold. The effect is probably best seen by com- atures are only slightly altered by the subsequent 
paring, as in Table 6, the dual soak experiment eucollagen formation in calcium hydroxide). Yet 
which included a prior 3-days treatment in 2-5N- results based on gelatin formation (e.g. at 60°; 
hydrochloric acid with the experiment in which 2hr.) show that the conversion of collagen into 
calcium hydroxide alone was used. eucollagen is not brought about in the cold by 
It is clear from Table 1 that, in order to accelerate hydrogen ions alone. The 7’, value is therefore 
the change from collagen into eucollagen, the order misleading as a guide to the extent of eucollagen 
of use of the reagents must be first acid, then formation under acid conditions, although it is 
calcium hydroxide. The reverse order is ineffective. clear that the collagen stability must become 
It is therefore possible that the difference between greatly impaired. 
pretreatment with calcium hydroxide and sodium It is reasonable to assume that the formation of 
hydroxide, where the latter gives a much higher eucollagen is in some way allied to the increase of 
hydroxyl ion concentration, does not arise from the N-terminal glycine and serine so that some addi- 
rate difference of a single type of hydroxyl ion- tional peptide bonds require to be broken after the 
catalysed peptide-bond hydrolysis. The possibility changes induced by acid have taken place. 
exists that, in the early stages, the high alkalinity The hot-acid treatment in the presence of 
performs the same initial function as high acidity in sodium sulphate gives a similar impression of 
leaving the partiaily degraded collagen in a state labile peptide bonds leading to N-terminal glycine. 
t which then allows the alkaline hydrolysis of peptide Unlike the wholly alkaline reactions, the C, of 
bonds to proceed more rapidly. The modification this acid-treated collagen changes during the 
needed to permit a rapid reduction in chain-size is transition to gelatin. Thus the value C,, 130 000 is 
) not, as yet, fully understood. Some insight, how- halved during extraction, which takes place after 


ever, may be given by the production of N- 
terminal residues by acids in the cold (Table 3, 


Table 6. Effect of acid treatment on the alkaline hydrolysis of collagen 


the sodium sulphate has been washed out. This 
change is almost entirely due to the development of 





2-5n-HCl Ca(OH), Eucollagen* Collagen lost 
treatment treatment content into Ca(OH), Swelling N-Terminal 
(days) (days) %) (%) factor glyciney Cr 
0 180 53 47 5-0 0-64 69 000 
3 9 48 50 5-1 0-66 69 000 
* Based on gelatin yields (Table 1). + Moles/100 kg. of collagen. 
a Table 7. Thermal effects on the C,, of collagen and gelatin 
Collagenous residue (93°) 
C,, 78 000 oe ages. 
| Collagenous residue (80°) f Gelatin 
C,, 78 000 = tits, C,, 43 000 
} Alkali-degraded collagen (60°) rs Gelatin 
C,, 79 000 ne ae C;, 55 000 
Gelatin 
C,, 56 000 
Collagenous residue _ (93°) 


C,, 65 000 


Collagenous residue (80°) Pas Gelatin 
C,, 65 000 oe % C,, 33 000 
Acid-degraded collagen (60°) fr Gelatin 
\ C,, 132 000 a ae ‘ C,, 43 000 
Gelatin 


C, 65 000 
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fresh N-terminal glycine. It is clear that the sodium 
sulphate had previously protected hydrolysis at 
this peptide bond. The thermal effects on C,, are 
summarized in Table 7. 

The quantity of mucoprotein in ossein is about 
2-2% of the organic matter. The discrepancy 
between this value and the value 0-8% given by 
Eastoe & Eastoe (1954) may be due to the different 
bone tissue involved and to different demineraliza- 
tion conditions. Since the mucoprotein content of 
ox bone was found to be about 5-5 % of the organic 
matter (Courts, 1959), it appears that about 60% 
was removed in the acid demineralization of bone. 

The distribution of mucoprotein in collagen—acid 
and collagen—alkali systems has not provided con- 
clusive views on the function of the polysaccharide 
portion in stabilizing collagen at the molecular 
level. On the whole, the evidence is against any 
stabilizing action. It has been argued (Jackson, 
1953) that those reagents which extract muco- 
protein from collagen also impair its stability, as 
shown by fall in 7, values. It is possible to extract 
a substantial part of the mucoprotein from ossein 
with 5% sodium dodecyl] sulphate. This treatment 
does not alter the rate of alkaline pretreatment of 
the collagen. This, together with the fact that 
calcium chloride solution can be used for extracting 
mucoprotein, emphasizes the non-covalent nature 
of its association with collagen. If the extent of 
eucollagen formation may be used as an index of 
reduced collagen stability, Table 8 then shows that 
mucoprotein content is not necessarily correlated 
with collagen stability. There are also the gross 
observations that those connective tissues with the 
largest proportions of mucoprotein appear to have 
the least stability towards acids and alkalis. Thus 
the mucoprotein proportion in young mammalian 
tissue is greater than in the corresponding adult 
(Sobel & Marmorsten, 1956; Stidworthy, 
Masters & Shetlar, 1958), yet the stability of 
the adult tissue is greater (Kohn & Rollerson, 
1958). Ossein, with higher mucoprotein content 
(Courts, 1959), is easier to hydrolyse to eucollagen 


tissue 


than skin or tendon (Courts & Stainsby, in pre- 
paration). The collagenous connective tissue of 
rabbit, substantially soluble in dilute acid buffers 
(Plotnikova, 1947), has a high mucoprotein content 
compared with cattle connective tissue (Courts, 
1959), 


which shows only very limited solubility. 


Table 8. Mucoprotein and eucollagen contents 
of some pretreated collagens 


Mucoprotein left Eucollagen 


with collagen content 
Pretreatment %) (%) 
NaOH, 3%; 2 days 19 5 
Ca(OH), ; 2 months 18 32 


H,SO, ; 40 min., 80 40 35 


A. COURTS 
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Although these observations set out to show that 
that major portion of the mucoprotein present in 
connective tissue does not play any part in 
collagen stability at the molecular level, very small 
quantities, which are not removed by neutral 
reagents. may still be of importance. 


SUMMARY 


1. Alterations in the structure of collagen by 
alkali and acid have been assessed by analysis of 
the N-terminal residues developed. 

2. In its least stable form, the collagen fibrillar 
configuration is unstable in water at 60°, trans- 
forming into gelatin in a few minutes. This form of 
collagen is termed ‘eucollagen’. It is suggested 
that eucollagen relies almost entirely on regions of 
strong hydrogen-bonding for its molecular stability. 

3. The structure of bone collagen is considered 
to involve chains built from subunits each with 
number-average chain weight between 60 000 and 
70 000. Chain-weight values below 60 000 are not 
generally encountered for eucollagen. 

4. Although hydrochloric acid (1-0—-2-5N) does 
not convert collagen into eucollagen, it can modify 
the collagen to permit a rapid acceleration of the 
reaction at pH 12-6. 

5. The solution of mucoprotein in acid as well 
as alkali is noted. The bulk of the mucoprotein 
present in ossein, which is about 2-2%, is not 
likely to be a major factor in collagen stability. 


I am greatly indebted to Professor A. G. Ward for 
certain details of experimental procedure given before 
publication. This paper is published by permission of the 
Director and Council of The British Gelatine and Glue 
Research Association. 
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Chemical Changes in Skeletal Muscle During Development 


By J. W. T. DICKERSON anp ELSIE M. WIDDOWSON 
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Skeletal muscle has been investigated from many 
angles, and certain aspects of the effect of develop- 
ment on its composition have received a good deal 
of attention. It is well known, for instance, that 
during development the percentage of water in 
skeletal muscle falls (Needham, 1931; Yannet & 
Darrow, 1938; Hines & Knowlton, 1939; Mc- 
Meekan, 1940; McCance & Widdowson, 1956a) and 
that this change is accompanied by a fall in the 
concentrations of the extracellular ions sodium and 
chloride. At the same time there is an increase in 
the percentage of protein (Needham, 1931; 
McCance & Widdowson, 1956a) and of the intra- 
cellular constituents potassium and phosphorus. 
These changes show that development is associated 
with a decrease in the percentage of extracellular 
fluid and an increase in the ‘cell mass’. It is not 
known if there is any change in the composition of 
the muscle cell with development, and the present 
study was undertaken with this objective in view. 
. Muscle cells cannot be separated for direct 
analysis, and their.composition must be determined 
indirectly. McCance & Widdowson (1956a) have 
shown that the amount of nitrogen per unit weight 
of potassium in skeletal muscle increased with 
development and have interpreted this as possibly 
indicating a change in the gross composition of the 
muscle cell. There are, however, two sources of un- 
certainty about this. First, it has been suggested 
that more of the potassium is outside the cells in 
the foetus than in the adult (Widdowson & Me- 
Cance, 1956) and, secondly, that changes in the 
proportion of the extracellular proteins collagen, 
elastin and reticulin may take place during de- 
velopment. Robinson (1952a) has shown that 
such changes do in fact take place in the muscle of 
the developing chick. 

Little information appears to be available about 
the changes in the proportion of different proteins 


in developing mammalian muscle. Hermann & 
Nicholas (1948) separated a number of protein 
fractions from the muscle of the rat at various 
ages, but the method of separation used by these 
workers did not effect a complete separation of the 
intracellular from the extracellular proteins. The 
method devised by Robinson (1952a) did effect 
such a separation, and at the same time enabled 
the intracellular proteins to be separated into two 
groups consisting of the sarcoplasmic and fibrillar 
proteins. This method has now been applied to the 
muscle of man and the pig at various stages of 
development in order to ascertain if there is any 
change in the protein composition of the cell during 
this process, and at the same time to provide a 
more reliable basis of reference for other intra- 
cellular substances. 


EXPERIMENTAL 
Materials 


Human. Thigh muscle was obtained from four foetuses of 
approx. 14 weeks’ gestation, weighing about 30g., and 
from four foetuses of 18-24 weeks’ gestation, weighing 
between 200 and 300 g. The foetal age was calculated from 
the crown-heel length by means of the formula derived by 
Scammon & Calkins (1929). The foetuses were all obtained 
at hysterotomy, pregnancy being terminated for various 
reasons. Thigh muscle was also obtained from four full- 
term newborn babies which failed to respond to resuscita- 
tion, three babies aged 4-7 months who were suffocated in 
their cots, one 11-year-old boy and one 16-year-old boy and 
from four men who were killed in street accidents. The 
ages of the men were 21, 27, 40 and 43 years. 

The foetuses were brought to the Laboratory, generally 
still in their membranes, and they were dissected within an 
hour of delivery. Muscle was taken from the seven babies, 
the two boys and the four adults at autopsy, the bodies 
being stored in a refrigerator meanwhile. 

Pig. The pigs came from the Laboratory farm. The stock 
was originally Large White x Essex cross, subsequently 
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mated with pure-bred Large-White boars. Six ages have 
been studied. There were five litters of foetuses of 46 days’ 
gestation, two litters of foetuses of 90 days’ gestation, 
twelve newborn piglets from six litters, two piglets aged 
3 weeks, three aged 4-6 weeks and five pigs aged 8-18 
months, which were regarded for the present purposes as 
adult. Four of the adult pigs were killed at the slaughter- 
house and one died under an anaesthetic during a Caesarian 
section. The newborn and older piglets were killed at the 
Laboratory with pentobarbitone sodium (Nembutal). The 
mothers of the foetuses were killed at the slaughterhouse, 
the uterus was removed and brought to the Laboratory for 
further dissection. Thigh muscle was removed from all 
these animals. In the foetuses all the samples from one 
litter were pooled, but for the newborn and older pigs 
muscle from individual animals was analysed. 


Methods 


So far as possible the material was analysed immediately 
after it was removed from the body. Muscle samples not 
dealt with at once were stored in sealed containers at — 20°. 
Care was taken when these were thawed out to include in 
the sample all the fluid that had come out of the tissue 
during storage. 

The muscle was freed from all visible fat and tendon and 
finely cut with scissors. Duplicate samples of 0-5-2-0 g. 
were taken for chloride estimation, which was determined 
as described by McCance & Widdowson (1956b). Similar 
samples were weighed into Universal containers (Baird and 
Tatlock Ltd.) for total N determinations. These were 
covered with concentrated H,SO, and left to disintegrate. 
This took about a week at room temperature, but the 
process was hastened by heating in an oven at 100° over- 
night. The mixture was made up to 25 or 50 ml. with water 
in a graduated flask, and 5 ml. taken for determination of 
N by the micro-Kjeldahl method. The sample was digested 
with 2 ml. of conc. H,SO,, with copper selenite as catalyst. 
The samples for water and ash were weighed into silica 
crucibles and dried in an oven at 100° to constant weight 
They were then ashed in a muffle furnace at 450° and the 
ash was extracted with HCl as described by McCance, 
Widdowson & Shackleton (1936). Sodium was determined 
in the acid extract of the ash with a Beckman flame photo- 
meter, after preliminary treatment as described by Widdow- 
son & Southgate (1959), and K, Ca and Mg as described by 
McCance & Shipp (1933). Phosphorus was also determined 
on the acid extract of the ash by the method described by 
King (1932), after heating at 100° for 1 hr. with concen- 
trated H,SO, (1 drop/ml.) to convert all pyrophosphate into 
orthophosphate. Results obtained by this method agreed 
well with those obtained after a wet digestion. 

The methods used for separating the various protein 
fractions are being described fully by Dickerson (1960). 
The percentage of hydroxyproline estimated by Neuman & 
Logan’s (1950) procedure was converted into percentage of 
collagen on the assumption that human and pig collagen 
contained 14-1 and 13-5% of hydroxyproline respectively 
(Eastoe, 1955) at all ages. Collagen was reckoned to contain 
18% of N. 


Description of the nitrogenous constituents 


By the use of appropriate extractants the N of skeletai 
muscle has been divided into a number of fractions. The 
‘non-protein N’ has been assumed to represent the N in the 


1960 


tissue which is present in true solution, and this has been 
separated from the total protein by its solubility in tri- 
chloroacetic acid. Beside urea, creatine and purines, this 
fraction also includes amino acids and some polypeptides, 
which may be considered as protein in the dietary sense 
(McCance & Shipp, 1933), but which are not precipitated by 
this reagent. The nitrogenous compounds not soluble in 
trichloroacetic acid will be referred to as ‘total protein’, 
though it is appreciated that it is really protein plus 
nucleic acids. The ‘total protein’ has been divided into 
three fractions which, though complex, may be considered 
to have an anatomical significance. The fraction which is 
designated ‘sarcoplasmic’ is thought to consist of the pro- 
teins of the sarcoplasm and contains among other things the 
enzymes of the glycolysis cycle and most of the ribonucleo- 
protein (Robinson, 19524, b). The ‘fibrillar’ fraction con- 
tains the true fibrillar proteins and their denaturation pro- 
ducts and also mucopolysaccharides and deoxyribonu- 
cleoprotein (Robinson, 1952a, b). The sarcoplasmic and 
fibrillar proteins together constitute the intracellular pro- 
tein. The extracellular proteins, collagen, elastin and 
reticulin, constitute a further protein fraction, and one of 
these, collagen, has been estimated independently. 


RESULTS 
Nitrogenous constituents 


Tables 1 and 2 show the effect of development on 
the concentration of non-protein and protein N in 
human and pig muscle. The protein N is further 
divided into its intra- and extra-cellular com- 
ponents, and the intracellular component is again 
subdivided into the sarcoplasmic and _ fibrillar 
fractions. The number of muscle samples studied at 
each age is shown in the tables. 

The concentration of non-protein N increased in 
the early stages of development in both species, but 
by the age of 4-7 months in man and 4-6 weeks in 
the pig it had reached its adult level. 

In both species the concentration of total protein 
N increased with development up to a value which 
was similar (28 g./kg.) for the adult muscle of man 
and the pig. The muscle of the newborn baby, 
however, had a higher concentration of protein N 
than that of the newborn pig and in this respect the 
human baby is chemically more advanced than the 
piglet at birth. 

In spite of the increase in concentration of 
protein N from 9-7 to 18-5 g./kg. during foetal life 
in man, the concentration of sarcoplasmic protein 
changed little, and in the pig there was actually 
a decrease in the concentration of this fraction. 
During the post-natal development of both species 
the concentration of sarcoplasmic protein increased, 
the value for the adult pig being a little higher than 
the value for adult man. 

The concentration of fibrillar protein increased 
with development and was higher than that of the 
sarcoplasmic protein at all stages in both species 
except in the muscle of the 46-day-old pig foetus. 





— 





60 


en 
tri- 
his 


Ase 
by 
in 


lus 
nto 
red 
1 is 


the 
co- 
on- 
ro- 
nu- 
ind 
1rO- 
und 


of 


on 
in 
her 


Ain 
lar 
at 


in 
ut 
;in 


ein 
ich 
an 
by, 
iN 
the 
the 


Vol. 74 CHEMICAL CHANGES IN MUS 


This last-named muscle is less mature than that of 
the youngest human foetus as judged by the lower 
concentration of total protein. In the adult of each 
species the concentration of fibrillar protein was 
the same. Complex as the sarcoplasmic and 
fibrillar fractions undoubtedly are, it is evident 
that they change independently of each other 
during the foetal period, indicating that during 
development changes in the composition of the 
muscle cell take place, at any rate in its protein 
components. 

The highest value for extracellular-protein N 
was found in the muscle of the human infants and 
piglets during the suckling period. The concentra- 
tion of extracellular-protein N in adult muscle was 
much lower and was similar in the two species. The 


Table 1. 


Concentration of nitrogen in 


Values are expressed as g./kg. of fresh 
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collagen N changed in parallel with the extra- 
cellular N but, since it forms only a part of the 
latter, it was lower than the total extracellular N 
except at two ages in the pig. The explanation of 
these discrepancies in the pig may lie in small 
variations in the content of 
collagen which have been shown to take place 
with age in some species (Hall & Reed, 1957). 

The distribution of N in the various protein and 
non-protein fractions has been calculated for each 


hydroxyproline 


individual sample and expressed as a percentage 
of the total N. The percentages have been averaged 
and the results are shown in Tables 3 and 4. These 
results, and those given in Tables 1 and 2, are 
analytical values, and for that reason their sum 
does not necessarily agree exactly with the value 


the various fractions in human muscle 


muscle; average and range are given. 


Foetus Baby 
ea at - ee es — =A 2 
14 weeks 20-22 weeks Newborn 4-7 months Adult 
No. of samples 1 2 2 3 3 
Non-protein N 1-2 1-7 2-4 3-2 3-0 
(1-3, 2-0) (2-3, 2-5) (2-8-3-7) (2-8-3-2) 
Protein N 9-7 13-5 18-5 25-8 27-5 
(13-1, 13-9) (18-5, 18-5) (25-3-26-1) (26-7-28-4) 
Sarcoplasmic-protein N 3-6 3-7 3-9 5-0* 6-7 
(3-6, 3-8) (3-7, 4-1) (4-6, 5-4) (6-1-7-5) 
Fibrillar-protein N 57 8-7 10-9 17-0* 19-9 
(8-5, 8-8) (10-4, 11-3) (15-4, 18-5) (19-7-20-3) 
Alkali-insoluble = extracellular- 0-6 1-8 3:8 4-6* 1-4 
protein N (1-6, 2-0) (3-1, 4-4) (4-2, 5-0) (0-8-1-7) 
Collagen N — 1-3 2-8 2-9* 1-0 


(1-0, 1-6) 


(2-6, 3-1) (0-6-1-3) 


* Two results only. 


Table 2. Concentration of nitrogen in the various fractions in pig muscle 


Values are expressed as g./kg. of fresh 
Foetus 
_ qe ererenenn - 


46 days 90 days 


( 


No. of samples 2* 2* 

Non-protein N 1-1 2-0 
(1-0, 1-1) (1-9, 2-0) 

Protein N 7-2 9-4 
(7-0, 7-4) (8-8, 10-0) 

Sarcoplasmic-protein N 4-0 2-4 
(4-0, 4-0) (2-0, 2-7) 

Fibrillar-protein N 2°5 6-1 
(2-0, 2-9) (6-0, 6-1) 

Alkali-insoluble = extracellular- 0-4 1-0 
protein N (0-4, 0-4) (1-0, 1-0) 

Collagen N 0-4 1-2 


(0-4, 0-4) (Il, 1-2) 


muscle; average and range are given. 


Piglet 

Newborn 3 weeks 4-6 weeks Adult 

3 2 3 2 

2-6 3-5 4-1 43 
(2-3-2-8) (3-4, 3-6) (3-5-4-7) (3-7, 4-8) 

11-0 25-6 23-2 28-4 
(10-0-11-6) (25-4, 25-8)  (23-0-23-5) (27-1, 29-7) 

2-2 5-4 5-2 8-0 
(1-9-2-4) (5:3, 5-5) (4-6-5-5) (7-7, 8-3) 

6-5 16-4 16-1 19-8 
(5-9-7-4) (151, 17-7) (15-2-16-8) (19-1, 20-4) 

2-3 3-2 2-0 1-1 
(1-8-3-0) (2-0, 4-4) (1-8-2-4) (0-9, 1-2) 

1-3 3-0 1-9 1-2 
(1-1-1-5) (2-0, 4-0) (all 1-9) (0-8, 1-5) 


* Pooled samples of muscle from several foetuses. 
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Table 3. Distribution of the nitrogen in human muscle 
Results of Table 1 are here expressed as a percentage of the total N. 
Foetus Baby 
a c rer, 
14 weeks 20-22 weeks Newborn 4-7 months Adult 
Non-protein N 11-0 11-0 11-5 11-0 9-7 
Sarcoplasmic-protein N 33-5 24-3 18-6 17-0 22-0 
Fibrillar-protein N 52-5 57-1 52-1 57-6 65-6 
Alkali-insoluble = extracellular- 5°5 11-8 18-2 15-6 4-6 
protein N 
Collagen N — 8-3 13-7 9-6 3-3 
Table 4. Distribution of the nitrogen in pig muscle 
Results of Table 2 are here expressed as a percentage of the total N. 
Foetus Piglet 
tc aT as ~ c ee a a“ 
46 days 90 days Newborn 3 weeks 4-6 weeks Adult 
Non-protein N 13-1 17-6 19-2 12-1 15-0 12-9 
Sarcoplasmic-protein N 48-2 21-0 16-2 18-7 19-0 24:3 
Fibriliar-protein N 30-2 53-5 47-8 56-5 59-0 60-3 
Alkali-insoluble = extra- 4:8 8-8 16-9 11-2 73 3°3 
cellular-protein N 
Collagen N 4:8 10-5 9-6 10:3 7-0 3-7 


for total N (Dickerson, 1960). The contribution of particularly skeletal muscle (Widdowson & South- 


non-protein N changed very little during the de- 
velopment of human muscle and formed a lower 
proportion of the total N than in pig muscle. In the 
pig it showed a peak value in the muscle of the 
newborn animal. In both species the contribution 
of the sarcoplasmic proteins decreased during 
foetal development and then increased during post- 
natal life. The contribution of the fibrillar proteins 
searcely changed during the foetal development of 
man. In the pig they increased between 46 and 
90 days’ gestation and then probably changed little 
during the remainder of the pre-natal period. In 
both species there was an increase during post- 
natal growth. In the pig most of this took place in 
the first 4-6 weeks, whereas in man some increase 
continued after 7 months. The fibrillar proteins 
contributed a greater proportion of the total N in 
adult human muscle than in that of the adult pig. 
The extracellular proteins reached a maximum of 
17-18% of the total N in the newborn of both 
species, and still accounted for 15% in the muscle 
of the infants of 4-7 months, whereas in the pig the 
contribution had fallen to 11% at 3 weeks. 


Water and inorganic constituents 


Table 5 shows the composition of human skeletal 
at five ages. Victims of accidents were 
chosen to provide the adult material because it was 
thought that their tissues would be more likely to 
be normal in composition than those of persons 
dying of disease. It was subsequently realized, 


muscle 


however, that haemorrhage makes considerable 
difference to the composition of some of the tissues, 


gate, 1959), and all four men and the 11-year-old 
boy had suffered some haemorrhage, two men anc 
the boy rather severely. The foetuses and babies, 
on the other hand, had not suffered any abnormal 
loss of blood. There is considerable information in 
the literature on the composition of normal adult 
human muscle obtained by biopsy (Mudge & 
Vislocky, 1949; Mokotoff, Ross & Leiter, 1952; 
Baldwin, Robinson, Zierler & Lilienthal, 1952; 
Talso, Spafford & Blaw, 1953; Wilson, 1955; 
Barnes, Gordon & Cope, 1957), though little or 
nothing seems to have been done in the past on 
immature muscle. The present results for muscle of 
foetuses and newborn babies are therefore con- 
sidered in relation to previous workers’ findings for 
adult muscle obtained by biopsy as well as in 
relation to the results for adult muscle in this 
investigation. The figures for the composition of the 
muscle of the 11- and 16-year-old boys were so 
similar to those for the adults that the figures have 
been averaged together. The effects of the haemor- 
rhage are seen in the values for Na and Cl. The 
figures obtained for the two adults who sustained 
only slight bleeding and the boy who did not bleed 
at all are for most constituents in fairly good 
agreement with the average of values found in the 
literature for muscle taken from normal adults by 
biopsy. 

Table 6 shows the corresponding values for 
muscle obtained from pigs at six stages of develop- 
ment. Four of the five adult animals were killed at 
the slaughterhouse and their hearts were punctured, 
and the fifth died under an anaesthetic and did not 
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Table 5. Composition of human muscle 
Results are expressed per kg. of fresh muscle; average and range are given. Values for adult muscle are quoted from 


Mudge & Vislocky (1949); Baldwin, Robinson, Zierler & Lilienthal (1952); Mokotoff, Ross & Leiter (1952); Talso, 
Spafford & Blaw (1953); Wilson (1955); Barnes, Gordon & Cope (1957). 








Adult 
c A ae — — 
Foetus Baby Biopsy 
c —A —, r A Slight Severe samples from 
13-14 weeks 20-22 weeks Newborn 4-7 months bleeding bleeding _literature 
No. of samples 3 4 4 3 3 3 — 
Average body wt. (kg.) 0-043 0-255 2°72 7-7 — — = 
(0-030-0-067) (0-198-0-314) (2-41-3-54) (7-0-9-0) — _ — 
Composition of muscle 
Water (g.) 907 887 804 785 760 765 792 
(904-913) (883-894) (793-812) (782-790) (744-773) (754-774) (776-803) 
Total N (g.) 11-2 14:8 20-7 29-1 32-3 31-0 30-8 
(10-4~11-8) (14:0-15-3)  (19-8-21-6) (28-3-29-8) (31-0-34-4) (30-0-32-1) (29-5-31-7) 
Na (m-equiv.) 101* 90-6 60-1 50-1 30-0 23-0 36-3 
(83-2-104) (520-698) (43-0-63-5) (29-0-31-0) (22-0-24-7) (23-7-43-6) 
K (m-equiv.) 56-3 57-6 57-7 89-5 102 103 92-2 
(52-1-60-6)  (53-0-62:0) — (53-0-63-7) (80-8-94-6) (98-106) (91-109)  (85-6-95-2) 
Cl (m-equiv.) 16-4 65-6 42-6 35-5 22-1 173 22-1 
(71-7-81-0)  (61-1-69-2) — (38-8-46-0)  (34-0-36-6) (19-6-24-5) (17-0-18-0) (14-1-25-6) 
P (m-moles) 36-5 40-0 47-0 64-9 65-0 67-0 58-8 
(34-2-41-5) (38-5-41-7) (44:0-50-5) (63-0-67-5) (60-0-68-0) (65-0-68-0) (56-0-62-0) 
Mg (m-equiv.) 11-7* 10-5 14-8 20-0 19-2 19-8 16-7 
(6-9-13-1)  (11-2-18-1)  (19-0-21-9) (16-0-19-9) (17-7-22-7) (16-0-16-8) 
Ca (m-equiv.) 5-6* 7-1 4:3 3-1 2-8 2-5 — 
(5-5-11-9)  (2:2-6-6) (2:3-3-7) (2-22-33) (1-9-2-9) 


* One result only. 


Table 6. Composition of pig muscle 


Results are expressed per kg. of fresh muscle; average and range are given. 


Foetus Piglet Adult 
46 days 90 days. Newborn 3 weeks 46 weeks Not Bled 
bled 
No. of samples ... 5 litters 2 litters 12 2 3 1 4 
Sody wt. (kg.) ... 0-025 0:77 1-21 3-45 8-8 - 195 
(0-012-0-045) (0-70, 0-83) (0-92-1-60) (3-2, 3-7) (6-9-12-3) (184-208) 
Composition of muscle 
Water (g.) 916 873 823 778 788 735 749 
(913-919) (872, 874) (815-849) (777, 780) (785-791) (742-756) 
Total N (g.) 8-5 11-4 15-4 29-1 26-9 31-1 35-6 
(8-2-8-8) (10-7, 12-0) (14-1-16-5) (28-8, 29-4) (26-2-27°5) (34-5-36-5) 
Na (m-equiv.) 106 77-0 54:3 34:3 28-5 24-2 19-1 
(102-110) (70-9, 83) (47-1-60-6) (33-6, 35-0) (27-8-29-1) (18-4-20-7) 
K (m-equiv.) 46-7 60-4 72-5 102 108 92-5 102 
(42:8-50°3) (57-8, 62-9) (69-0-75-6) (101, 103) (103-115) (95-107) 
Cl (m-equiv.) 72-7 46-0 36-8 32-0 23-5 21-1 13-2 
(70-0-77-5) (44-2, 47-7) (31-5-41-2) (30-5, 33-5) (22-7-24-3) (12-6-14-4) 
P (m-moles) 30-7 45-6 56-8 76:8 76:5 68-0 725 
(27-5-34-3) (43-1, 47-5) (51-0-60-0) (76-8, 76-8) (73-0-78-0) (68-3-74-0) 
Mg (m-equiv.) 9-0 12-2 15:3 16-2 21:9 23-2 21-8 
(7-2-12-5) (12-1, 12-2) (13-9-16-6) (13-5, 18-9) (20-5-23-2) (19-5-24-0) 
Ca (m-equiv.) 7:3 35 2-9 3:3 2-1 2:3 2-1 
(6-0-8-5) (3-6, 3-4) (2-5-3-2) (3-3, 3-3) (2-0-2-2) (1-8-2-8) 
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bleed extensively before death. The results for this 
pig are presented separately, and the effect of 
bleeding on the inorganic constituents is once 
again seen. None of the younger pigs suffered any 
loss of blood before it died. 

In both species the fall in the percentage of water 
during development was accompanied by a rise in 
total N, and this has been commented on with 
reference to Tables 1 and 2. The values for total 
N in Tables 5 and 6 are not exactly the same as the 
sum of the protein and non-protein N in Tables 1 
and 2 because not all the muscle samples analysed 
for inorganic constituents were subjected to a 
detailed fractionation of their N, but the figures at 
each age are never far apart. 

Fat was determined on only a few of the muscle 
samples analysed in this investigation. From the 
values of N x 6-25 plus water, however, it is clear 
that in no case was there room for more than 2-3 % 
of fat, except in the newborn of both species. In 
newborn-pig muscle 93% could be accounted for 
as protein, water and inorganic constituents. The 
body of the newborn pig contains only about 1 % of 
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fat (Widdowson, 1950), so fat is unlikely to con- 
tribute the 7 % that is missing in the muscle, and it 
is suggested that this is largely made up of poly- 
saccharides. The muscle of the newborn pig has 
been shown to contain 7 % of glycogen (McCance & 
Widdowson, 1959), and although no precautions 
were taken to retain the glycogen in these samples 
of muscle, its breakdown products must still have 
been there. Whether the newborn human has a 
high concentration of glycogen in its muscle is not 
known. 

There was a big fall in the concentration of the 
extracellular Na* and Cl” ions with development in 
both species, and a rise in the intracellular con- 
stituents K and P, and with respect to its inorganic 
constituents the muscle of the pig at birth seemed 
more advanced chemically than the muscle of the 
full-term baby. The high concentrations of Ca in 
the muscle of the human and pig foetuses and the 
low values for Mg have already been mentioned by 
Economou-Mawvrou & McCance (1958). Some of our 
material was in fact presented in their paper. 
Values for newborn muscle and muscle from older 


Table 7. Composition of human muscle 


Data are derived from average results given in Tables 1 and 5. 





Adult 
c ——— mamemanei aie ad 
Foetus Baby Biopsy 
—— --——_, c 1 —, Slight Severe samples from 
13-14 weeks 20-22 weeks Newborn 4-7 months bleeding bleeding literature 
Chloride space (g./kg.) 672 577 350 293 183 143 183 
Sodium space (g./kg.) 796 714 431 354 212 162 256 
Intracellular water 235 310 454 492 577 622 609 
(g-/kg.) (I.C.W.) 
Intracellular-protein N 10-5 12-0 14-6 21-8 28-3 27-2 27-0 
(g./kg.) (I.C.P.N) 
Intracellular K 49-4 51-7 54-9 87-9 101 102 91-2 
(m-equiv./kg.) (I.C.K) 
Intracellular Na 15-4 17-3 11-2 8-5 4-0 2-6 10-3 
(m-equiv./kg.) (I.C.Na) 
L.C.P.N (g./kg. of I.C.W.) 44-7 38-7 32-2 44-3 49-0 43-7 44-4 
L.C.K (m-equiv./kg. of 210 167 121 179 175 164 150 
L.C.W.) 
I.C.Na (m-equiv./kg. of 65-5 55-9 24-7 17:3 6-9 4-2 16-9 
1.C.W.) 
Mg (m-equiv./kg. of I.C.W.) 49-8 33-9 32-6 40-7 33-2 318 27-4 
Total cations (I.C.K + 325 256 178 236 216 200 194 
I.C.Na + Mg) (m-equiv./ 
kg. of I.C.W.) 
P (m-moles/kg. of I.C.W.) 155 129 104 132 113 108 97 
I.C.K (m-equiv./g. of 4-71 4-31 3-76 4-02 3°57 3°75 3-38 
1.C.P.N) 
Mg (m-equiv./g. of 1-11 0-88 1-01 0-92 0-68 0-73 ‘0-62 
1.C.P.N) 
Total cations (I.C.K + 7:3 6-6 55 5:3 4-4 4-6 4-4 
I.C.Na + Mg) (m-equiv./ 
g. of I.C.P.N) 
P (m-moles/g. of I.C.P.N) 3-48 3-34 3-22 2-97 2-30 2-46 2-18 
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babies and piglets have now been added; they lie 
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Gibbs—Donnan factor of 0-94 for the adults and 





it between those for the foetus and the adult. The 0-983 for the 46-day-old pig foetuses. The values for 
: significance of the high concentration of Ca in ‘chloride space’ were subtracted from the values for 
si foetal muscle will be discussed later. The concentra- total water shown in Tables 5 and 6 to obtain the 
x tion of Mg increases with development along with ‘intracellular’ water. The values for intracellular 
“it that of the other intracellular ions. water will be correct only if all the Cl in skeletal 
sad From the values given in Tables 3-6 calculations muscle is extracellular at all ages and if the Cl is 
i have been made of the relation between the cellular uniformly distributed in the water in the extra- 
= constituents at the various ages, in an endeavour to cellular phase. The extracellular phase in muscle 
% discover whether or not the foetal muscle cell has consists of a gel containing hyaluronic acid and 
the same gross chemical composition as that of the other mucopolysaccharides, and it also contains 
ov adult. The results are set out in Tables 7 and 8. The collagen and elastic fibres. There is evidence that 
os ‘chloride space’ per kilogramme of muscle was the water associated with the latter contains a 
es calculated in the conventional way, from a know- higher concentration of Cl than true extracellular 
a ledge of the concentration of Cl and protein in the fluid (Manery, Danielson & Hastings, 1938), but 
od serum (Widdowson & McCance, 1956), and of Clin this introduces only a very small error and, 
he muscle at the various ages. The correction factor although it has been found that hyaluronic acid 
am for the Gibbs—Donnan equilibrium varied according ‘binds’ Cl in vitro, it seems that this is unlikely 
he to the concentration of protein in the serum (Van _ seriously to affect the calculation of the ‘chloride 
»Y Slyke, 1926), from 1-05 for the adults of both space’ (Aldrich, 1959). Thus even in the light of 
= species with 7-8 % of protein, to 1-014 for the 46- recent research it is reasonable to assume that, in 
a day-old pig foetuses with 2% of protein. The adult muscle, ‘chloride space’ gives a fair measure 
ler ‘sodium space’ was similarly calculated with a of extracellular water (Fenn, 1936). The same seems 
| Table 8. Composition of pig muscle 
Data are derived from average results given in Tables 2 and 6. 
Foetus Piglet Adult 
ym Cc SS > a —— + —_ 
. 46 days 90 days Newborn 3 weeks 4-6 weeks Unbled Bled 
Chloride space (g./kg.) 716 453 347 264 196 174 109 
Sodium space (g./kg.) 866 590 383 202 196 166 131 
f Intracellular water 200 420 476 514 592 561 640 
(g./kg.) (1.C.W.) 
Intracellular-protein N 6-7 8-3 9-9 22-4 21-0 26-4 30-2 
(g./kg.) (I1-C.P.N) 
Intracellular K 34-1 55°8 69-5 100 107 91-4 101 
(m-equiv./kg.) (I.C.K) 
Intracellular Na 18-2 18-9 5-0 0 0 0 3-05 
(m-equiv./kg.) (I.C.Na) 
L.C.P.N (g./kg. of I.C.W.) 33-5 19-8 20-8 43-6 35-4 47-0 47-1 
L.C.K (m-equiv./kg. of 170 133 146 194 180 163 159 
L.C.W.) 
L.C.Na (m-equiv./kg. of 91-0 45-0 10-5 0 0 0 4-7 
L.C.W.) 
Mg (m-equiv./kg. of I.C.W.) 45-0 29-0 32-2 31-5 36-9 41-3 34-0 
Total cations (I.C.K + 306 206 189 230 218 204 197 
L.C.Na + Mg) (m-equiv./ 
kg. of 1.C.W.) 
P (m-moles/kg. of I.C.W.) 154 108 119 147 128 121 113 
I.C.K (m-equiv./g. of 5°10 6-72 7-02 4-46 5-10 3-46 3-36 
I.C.P.N) 
Mg (m-equiv./g. of 1-35 1-46 1-55 0-72 1-04 0-88 0-72 
I.C.P.N) 
Total cations (I.C.K + 9-2 10-4 9-1 5:2 6-1 4-4 4-1 
1.C.Na + Mg) (m-equiv./ 
g. of I.C.P.N) 
P (m-moles/g. of I.C.P.N) 4-60 5:47 5°74 3-42 3-63 2-56 2-39 
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to be true of muscle from newborn pigs (Widdowson 
& Southgate, 1959). There is up until now no proof 
about this one way or the other in foetal muscle. 
The intracellular fluid consists of a solution of 
inorganic substances, of which K, Mg and P are 
quantitatively the most important. It must also 
contain some, if not the greater part, of the non- 
protein N measured and shown in Tables 1 and 2, 
which consists mainly of purines, amino acids, 
creatine and urea. For reasons given above it 
seems more logical, in trying to find out whether the 
foetal cell contains more fluid in proportion to solid 
matter than the adult cell, to consider the relation 
between the intracellular fluid and the intracellular- 
protein N, rather than the whole of the non-collagen 
N as suggested by Lilienthal, Zierler, Folk, Buka & 
Riley (1950). Intracellular-protein N has accord- 
ingly been used as the basis of the calculations. 
Widdowson & McCance (1956) reported that 
foetal extracellular fluids have a higher concentra- 
tion of K than those of the adult. More recently it 
has been suggested (S. James, 1958, personal 
communication) that the high values found may 
not be the physiological ones but may have been 
due to asphyxia, which is the explanation put 
forward by some authors for the high serum K 
sometimes found in the human at birth. Be that as 
it may, it does not alter the fact that the foetus has 
a larger volume of extracellular fluid in proportion 
to its weight than the adult, so that, unless the 
concentration of K in it is actually lower than in the 
extracellular fluid of the adult, more of the K in 
foetal tissues must be extracellular. The extra- 
cellular K in the muscle at each age had been 
calculated from the chloride space and the concen- 
tration of K in the extracellular fluid, assuming the 
values of Widdowson & McCance (1956) to be 
correct, and deducted from the values for total K 
shown in Tables 5 and 6. This gave the concentra- 
tion of intracellular K in the muscle. Similarly, the 
Na accommodated in the extracellular fluid has 
been calculated and subtracted from the total Na 
in the muscle to give the intracellular Na. The pro- 
portion of the total P and Mg that is extracellular 
is so small even in the foetus that no correction has 
been applied for this in the calculations on which 
Tables 7 and 8 are based. It should be noted that 
the fact that no correction has been made for the 
small amount of fat in muscle makes no difference 
to the relationships set out in the Tables. 
Development in both species was accompanied 
by a fall in the proportion of the tissue occupied by 
the ‘chloride space’, and an increase in the pro- 
portion of intracellular water. The ‘sodium space’ 
was always larger than the ‘chloride space’ in 
human muscle; in pig muscle the ‘sodium spaces’ 
were larger at the younger ages but not in the older 
ones. This suggests that the foetal-muscle cells 
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contained Na, and the concentrations of Na in the 
intracellular water are shown in Tables 7 and 8. 

The amounts of intracellular K, P and Mg per 
litre of intracellular water agree well with values 
reported in the literature for adult human muscle 
(Mokotoff et al. 1952; Talso et al. 1953; Horvath, 
Berg, Cummings & Shy, 1955; Wilson, 1955). 
Values for intracellular protein N are now added. 
The intracellular relationships in mature pig muscle 
are similar to those in human muscle, and other 
workers have emphasized the constancy in this 
aspect of chemical anatomy from one species to 
another (Harrison & Darrow, 1938). 

The muscle of the newborn of both species 
appears to have less N and also less K and P and 
less total cations per litre of intracellular water 
than adult muscle, and the same also applied to the 
pig foetuses that were not far from term. In the 
younger foetuses the concentrations were higher. 
If the concentration of K in foetal extracellular 
fluid had been the same as that in the adult the 
concentration in the intracellular water of the 
46-day-old pig foetuses would have been higher 
still. These high values for N, P and cations in the 
younger foetuses might be interpreted as showing 
that foetal-muscle cells contain a higher proportion 
of protein in relation to fluid, and that the fluid 
has a higher concentration of inorganic ions than 
the muscle cells at birth, but it might equally well 
be taken as a warning that the value for intra- 
cellular water in the foetal muscle is wrong because 
Cl is not entirely extracellular. If some of the Cl 
were inside the cells, then the true extracellular- 
fluid volume would be smaller than the ‘chloride 
space’, and the volume of intracellular fluid calcu- 
lated from the ‘chloride space’ would be too small, 
and the protein and inorganic constituents too 
high in relation to it. 

The intracellular K, P, Mg and total cations 
have per gram of intra- 
cellular-protein N, a relationship which depends to 
a much smaller extent on the assumption that C] is 
all extracellular. There are minor fluctuations for 


also been calculated 


the pig, but the generalization is true that the 
adult muscle of both species contained less intra- 
cellular inorganic constituents in proportion to 
intracellular protein than the muscle of the foetus. 
A possible interpretation of these findings is given 
below. 

It should be noted how little effect haemorrhage 
seems to have had on the muscle cell. This has been 
discussed by Widdowson & Southgate (1959). 


DISCUSSION 


The changes in the proportion of the various pro- 
tein fractions are on the whole very similar to those 
found by Robinson (1952a) in developing chick 
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PLATE 1 


Fig. 1. ‘Transverse sections of human middle quadriceps muscle. Stained with haematoxylin and eosin; 
1 I ; 
magnification x 370. (a) Foetus, 20 weeks’ gestation; (b) newborn baby at term; (c) adult. 
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2. Transverse sections of pig middle quadriceps muscle. (a)-(c) Stained with haematoxylin and _ eosin; 
magnification x 390. (d) Stained by Gordon & Sweets’ silver-impregnation method for reticulin; magnifica- 


tion x 87. (a) Foetus, 46 days’ gestation; (b) newborn piglet; (c) adult; (d) foetus, 46 days’ gestation. 
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muscle, and these have also been confirmed at and 
after hatching (Dickerson, 1960). In the two 
mammalian species, as well as in the chick, the 
proportion of the total nitrogen contributed by the 
extracellular fraction increases to a maximum and 
then decreases to a lower level in the adult. The 
extracellular proteins are distributed in skeletal 
muscle as the endomysium round the individual 
fibres, the perimysium round the fasciculi and 
the epimysium round the bundles of fasciculi 
which constitute the entire muscle. Figs. 1 and 2 
show the histological appearance of foetal, new- 
born and adult muscle of man and the pig re- 
spectively. In the muscle of the 20-week-old 
human foetus the fibres are small, relatively few in 
number and widely separated by extracellular 
material. The nuclei occupy a larger proportion of 
the cell than they do at the later ages. At term, the 
fibres are still small, but there are many more of 
them and they are more closely packed together. 
In adult muscle the fibres are very much larger in 
diameter, the nuclei are comparatively small and 
there is little space for extracellular material 
between the fibres. The pig foetus at 46 days is at 
an earlier stage of development than the human 
foetus at 20 weeks. The muscle fibres, or myotubes 
as they may be called at 46 days’ gestation in the 
pig, are few, and they constitute only part of the 
total cellular material in the tissue. The other cells 
appear to be fibroblasts and these are scattered 
throughout the tissue surrounding the myotubes. 
The spaces between the cells are no doubt filled 
with the ground substance of the extracellular 
phase containing fine reticulin fibres (see Fig. 2d). 
Between 46 days and the end of gestation there 
is a large increase in the number of fibres and 
these are now arranged in bundles. There is, how- 
ever, very little difference in the diameter of the 
fibres at this stage, and the nuclei are still relatively 
large, though now at the periphery of the cell. The 
adult pig muscle is very similar in appearance to 
that of adult man. 

In the development of human muscle the number 
of fibres increases during about the first 6 months of 
gestation, but MacCallum (1898) found no evidence 
of increase in the number of fibres in the sartorius 
muscle after this age, and subsequent ‘growth’ was 
found to be ‘hypertrophy’ of the existing fibres. 
Similarly, McMeekan (1940) found no evidence of 
an increase in the number of muscle fibres after 
birth in the pig. Thus, broadly speaking, the in- 
crease in the proportion of extracellular protein 
takes place whilst the cells are increasing in 
number, but a decrease takes place whilst they are 
increasing in size. It is suggested that the lag in 
the decrease of the proportion of these proteins 
after birth may be due to thickening of one or all of 
the connective-tissue layers. 
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If the appearance of the sections of the muscle 
of the newborn of the two species is compared 
(Figs. 1b, 26) it will be seen that the pig muscle 
appears much less mature than that of the human 
baby. This difference in appearance is possibly an 
artifact due to the fixation of the tissue in formalin 
0-9% sodium chlorite (1:9, v/v). There was an 
obvious difference between the behaviour of the 
muscle of the newborn of the two species when 
placed in this fixative, for as soon as newborn 
piglet muscle was put into it a white cloudiness 
appeared which precipitated on standing. Pre- 
liminary analyses have shown that this precipitate 
contains nitrogen and its chemical nature is being 
further investigated. 

Development is associated with changes in the 
relative proportions of sarcoplasmic and fibrillar 
proteins in the muscle cells. The rate at which the 
fibrillar proteins develop may be influenced by the 
functional activity of the muscle. In the pig it was 
found that this fraction almost reached its adult 
proportion of the total nitrogen during the first 
4—6 weeks after birth, whereas in man there was a 
smaller increase in the first 5-7 months of post- 
natal life. This species difference may be attributed 
to the fact that pigs run about soon after they are 
born, whereas babies do not walk until after they are 
7 months old. Chicks are active as soon as they leave 
the egg, and a still more rapid increase in fibrillar 
proteins was found in this species (Dickerson, 1960). 

The idea of ‘chemical maturity’ of an animal was 
introduced by Moulton (1923). Spray &Widdowson 
(1951) emphasized that this term can only be 
rightly applied to the body when all its constituents 
have reached adult proportions. For skeletal 
muscle, the results of the present investigation 
show that chemical maturity is reached sometime 
after 7 months in man and after 6 weeks in the pig. 
The assessment of the degree of chemical maturity 
of muscle at corresponding ages is difficult. In 
some respects human muscle at birth, for instance, 
is chemically more advanced than that of the new- 
born piglet, whereas in other respects the reverse is 
true. The higher concentration of potassium and 
phosphorus in the muscle of the newborn piglet 
may, however, be associated with the presence of 
the large amounts of glycogen which are known to 
be present, for both these constituents move into 
cells during the formation of glycogen (Fenn, 1939), 
and thus they may have nothing to do with 
‘chemical maturity’ in its usual sense. 

Fenn (1939) found that water also moves into 
cells during the deposition of glycogen, and this 
would therefore result in a dilution of the proteins 
and account for the finding of a low ratio of protein 
nitrogen to cell water at and near term in piglet 
muscle. 

Information obtained about the composition of 
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cells from analyses of whole tissues is of necessity an 
average of all the different kinds of cells present in 
the sample. In adult or even in newborn muscle 
the muscle cells constitute almost all of the total 
cell mass. At earlier ages this may not be so. The 
large number of fibroblasts in the muscle of the 
46-day-old pig foetus must have made a significant 
contribution to the cell of the muscle. 
Caution must therefore be exercised in the inter- 
pretation of the results at this age in terms of the 
composition of the muscle cell. 

The large nuclei in foetal-muscle cells must mean 
that there is a high nuclear—cytoplasmic ratio as 
compared with more mature muscle cells. It may 
therefore be assumed that the composition of the 
nucleus will have a greater influence on the com- 
position of the cell in the foetus than in the new- 
born, and greater still than in the adult. Robinson 
(1952b) found this to be true in chick muscle, for 
in embryos weighing about 10 g. as much as 66% 
of the nitrogen in his fibrillar fraction was contri- 
buted by nucleoprotein. The contribution of the 
nuclei to the protein fractions has not been studied 
in the present investigations, but it can reasonably 
be assumed that nucleoproteins will contribute 
more to the cellular nitrogen in foetal than in 
adult muscle. In making the calculations on the 
composition of the cells no account has been taken 


mass 


of the possibility that the nuclei might be of 


different composition from the cytoplasm. If this 
is so, then the explanation of some of the findings 
during the early stages of development may be 
that they are but a reflexion of changes in the pro- 
portion of nuclear to cytoplasmic material in the 
cells. There is so far very little information about the 
composition of the different cellular inclusions, and 
what there is has mostly been obtained on material 
other than skeletal muscle (Itoh & Schwartz, 1956). 
Scott (1932) did, however, show that adult muscle 
nuclei contain significantly higher amounts of cal- 
cium than most of the surrounding cytoplasm, and 
Scott & Packer (1939) showed that there was some 
localization of calcium at the contraction nodes. 
A decrease in the proportion of nucleus to cyto- 
plasm thus seems to be a possible explanation of 
the decrease in calcium concentration in skeletal 
muscle with development. Hines & Knowlton 
(1933) suggested a similar explanation for the high 
calcium content of muscle in denervation atrophy. 
The composition of muscle nuclei is being investi- 
gated and when more is known about their com- 
position it may be possible to give a fuller inter- 
pretation of the results of this investigation. 


SUMMARY 


1. Skeletal muscle from man and the pig has 
been analysed for water, inorganic and nitrogenous 
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constituents at various stages of development 
before and after birth. The nitrogen has been 
divided into four fractions: non-protein nitrogen, 
sarcoplasmic -protein nitrogen, fibrillar - protein 
nitrogen and extracellular-protein nitrogen. 

2. There was an increase in the concentration of 

the cellular constituents, nitrogen, potassium, 
phosphorus and magnesium with development, 
and a decrease in the concentration of the extra- 
cellular ions sodium and chloride. There was also 
a decrease in the concentration of calcium. 
3. The concentration of non-protein nitrogen 
increased in the early stages of development but 
reached its adult ievel soon after birth. There was 
little change in the concentration of sarcoplasmic 
protein before birth, but an increase after. The 
biggest change took place in the fibrillar fraction, 
which increased in concentration throughout 
development. The highest concentration of extra- 
cellular protein nitrogen was found in the muscle of 
babies and piglets during the suckling period. 

4. An attempt has been made to discover 
whether the muscle cell of the foetus has the same 
chemical composition as that of the adult, and the 
chemical findings have been related to the histo- 
logical appearance of the muscle at the different 
ages. 


The authors owe much to Professor R. A. McCance for his 
salutary advice on many occasions. They are also very 
grateful to Dr G. A. Gresham for his help in providing the 
material for Fig. 1. 
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Aromatic-Alcohol-Oxidase Activity in the Growth 
Medium of Polystictus versicolor 
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The Macaulay Institute for Soil Research, Craigiebuckler, Aberdeen 


(Received 20 July 1959) 


To gain a better understanding of the changes 
which plant lignins undergo in the soil the fungal 
breakdown of aromatic compounds related to 
lignin has been studied. Previous work has shown 
that the wood-rotting basidiomycete Polystictus 
versicolor is able to reduce many aromatic acids to 
the corresponding alcohols, or to mixtures of 
aldehydes and alcohols (Farmer, Henderson & 
Russell, 1959). The persistence of aldehydes after 
complete reduction of the acids appeared to be due 
to an extracellular oxidase acting on the alcohols, 
and this was confirmed for p-methoxybenzyl 
alcohol. The properties and substrate specificity of 
this system are more fully examined here. 


MATERIALS AND METHODS 


Organism. Polystictus versicolor as used previously 
(Farmer et al. 1959) was isolated from fructifications col- 
lected from a tree stump. 

Buffers. Sorensen’s phosphate (Clark, 1928) and 2- 
amino-2-hydroxymethylpropane-1:3-diol (tris) buffer 
(Gomori, 1955) were used. 

Production of enzyme. The fungus was grown in 250 ml. 
conical flasks containing 100 ml. of mineral salts solution 
(NaNO;, 0:3%; MgSO,, 0-:05%; KH,PO,, 0-1%; KCl, 
0-05%) to which were added 1-0 g. of glucose and 0-5 g. of 


17 


yeast extract. Each flask was inoculated with four disks, 
cut from the periphery of a culture of the fungus on potato- 
dextrose—agar, and incubated at 22°, usually for 10-12 days. 
Hyphae from these disks spread over the surface of the 
medium to form a firm mat. During growth of the fungus 
the enzyme accumulated in the growth medium, and this 
solution was used directly in many experiments. A further 
supply of enzyme could be obtained by pouring off the 
medium at the end of the growth period, washing the mats 
three times with sterile water and then pouring 100 ml. of 
sterile water under them. After further incubation enzyme 
diffused from the mycelium into the water. 

An enzyme concentrate was obtained by saturating 
growth solutions with (NH,),SO,. The saturated solution 
was allowed to stand overnight and the resulting precipitate 
was centrifuged down at 38 000 g for 20 min. It was then 
suspended in 3-5 ml. of water and dialysed for 21 hr. 
against Sorensen’s phosphate buffer (KH,PO,—-Na,HPO,, 
pH 6-2) at 5°. Under these conditions the volume did not 
change appreciably. 

Enzyme activity. The activities of enzyme solutions were 
compared spectrophotometrically by measuring the rates 
at which they oxidized p-methoxybenzyl alcohol to the 
aldehyde, and are reported as pmoles of aldehyde produced 
by 1 ml. of enzyme solution in 1 hr. (umoles/ml./hr.). The 
assay solution contained 1 ml. of 0-067M-phosphate buffer 
(pH 6-2), 4umoles of p-methoxybenzyl alcohol, x ml. of 
enzyme solution and water to 3 ml. The change in ab- 
sorption per minute (AZ/min.) was measured at 290 my in 
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lcm. cells with a Beckman DU spectrophotometer. The 
temperature of the cell housing was not controlled. The 
reference cells contained buffer, water and either enzyme or 
alcohol. The activity, in terms of pmoles of aldehyde/ml./ 
hr., is given by 1-8 x 10° (AHZ/min.)/ex (e, the molar ex- 
tinction coefficient of p-methoxybenzaldehyde at 290 mp, 
being taken as 15000). Similar methods were used to 
estimate the activity of enzyme solutions towards other 
aromatic alcohols, differing wavelengths and appropriate 
« values being used (Table 1). As the aldehydes have 
carbonyl groups conjugated with the aromatic ring, they 
all absorb at longer wavelengths than the alcohols, and 
therefore small amounts could be detected in the presence 
of excess of the alcohols. 

Enzyme activity was also indicated by oxygen uptake in 
the Warburg apparatus at 25°. Enzyme solution (1 ml.) 
and 1 ml. of phosphate buffer, pH 6-2, were added to the 
main compartment of the flasks, and 0-5 ml. of 0-01m 
solutions of alcohols were tipped in from the side arms. 
B-Naphthylearbinol, because of its low solubility, was 
added in aqueous suspension. This method was less 
sensitive than the photometric method. Oxidation of 
lpmole of p-methoxybenzyl alcohol/hr. in a 3 ml. assay 
solution causes a change in absorption at 290 my of 
0-0833/min., and an oxygen uptake of 11-2 pl./hr., assuming 
that oxygen is used only in oxidizing alcohol. 

Enzymes and coenzymes. The following preparations were 
also used: alcohol dehydrogenase and horseradish peroxid- 
ase (C. F. Boehringer und Séhne, Mannheim, Germany); 
glucose oxidase and triphosphopyridine nucleotide (TPN; 
Sigma Chemical Co., St Louis, Mo., U.S.A.); diphospho- 
pyridine nucleotide (DPN; L. Light and Co. Ltd., Coln- 
brook). 

Chemicals. Most of the compounds examined were com- 
mercial samples, recrystallized where necessary, or were 
prepared from commercial samples. Melting points re- 
ported are uncorrected. Reduction of the aldehydes by 
LiAlH,, by the procedure of Larsson (1950), gave f- 
naphthylearbinol, m.p. 79°, p-hydroxybenzyl alcohol, 
m.p. 116°, m-methoxybenzyl alcohol (b.p. 90-—100°/ 
0-01 mm. Hg) and 3:4-dimethoxybenzy] alcohol, b.p. 140°/ 
0-5 mm. Hg. This last was an oil which slowly changed on 
standing into a crystalline solid without hydroxyl groups, 
thought to be the di-ether (Lindgren, 1950). By a pro- 
cedure used to reduce acetylated ethyl ferulate (Allen & 
Byers, 1954), ferulic acid was reduced directly by LiAlH, to 
give 4-hydroxy-3-methoxycinnamy] alcohol, m.p. 71-73°, 
in poor yield. Reduction of the appropriate aldehydes and 
ketones (1 g.) in aqueous 2% (w/v) NaOH (plus ethanol 
where necessary to achieve complete solution) by NaBH, 
(0-45 g.) at room temperature (Adler & Hernestam, 1955) 
gave 4-hydroxy-3-methoxybenzyl alcohol, m.p. 113-114°, 
1-(4-hydroxy-3-methoxyphenyl)ethanol, m.p. 100-102°, 
1-(p-methoxypheny])ethanol and 1-(3:4-dimethoxypheny]l)- 
ethanol. The two last-named were oils which were not 
further purified because of their instability (Stedman & 
Stedman, 1929). Reductions by NaBH, were followed 
spectrophotometrically, and were all complete within 18 hr. 
Phenolic aldehydes and ketones were more slowly reduced 
than the fully methylated compounds (Smith, 1955). 
Melting points and boiling points of the various pre- 
parations were close to published values, except for 
p-hydroxybenzyl alcohol (Heilbron & Bunbury,» 1946, 
quote 125°). 


RESULTS 


Activity of preparations. Activity in growth 
solutions reached a maximum after 10 days 
(Fig. 1, curves A). Most of the work was done with 
solutions obtained after 12 days’ growth, whose 
activity, i.e. rate of oxidation of p-methoxybenzyl 
alcohol, ranged from 0-6 to 1-4 umoles/ml./hr. On 
replacement of the growth solution with water, 
a further amount of enzyme diffused from the 
mycelial mat as shown in Fig. 1, curves B. Such 
solutions were generally used after 7 days’ incuba- 
tion under the mat, when they showed activities 
ranging from 0-1 to 1-6 wmoles/ml./hr.: most were 
near 0-3ymole/ml./hr. Concentration of the 
enzyme from 300 ml. of growth solution by pre- 
cipitating it with (NH,),SO,, followed by re- 
solution in 5 ml. of water, gave activities ranging 
from 8 to 38 pmoles/ml./hr. However, only about 
38 % of the total initial activity was recovered by 
this technique. On one occasion, 28 % of the initial 
activity was found to be in the supernatant after 
(NH,),SO, saturation. Enzyme activity was also 
found in an extract of a mycelial mat of which the 
cells had been disrupted. A 14-day-old mat was 
well washed, ground with silver sand and extracted 
with 7ml. of phosphate buffer, pH 6-2. After 
centrifuging and filtering, the supernatant showed 
an activity of 0-53 ymole/ml./hr. initially. This 
enzyme preparation differed from the others in 
that its rate of oxidation was not linear, but fell off 
to only one-seventh of its initial value after 28 min. 
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Fig. 1. Results of two experiments, I and IT, showing the 
development of oxidase activity from Polystictus versi- 
color: A, in growth solution; B, in water to which the 
mycelium was transferred after 14 days’ growth. 
Activity was estimated spectrophotometrically as 
described in the Materials and Methods section. 
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Table 1. Relative rates of oxidation of various aromatic alcohols by the extracellular oxidase 


from Polystictus versicolor 
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aldehyde absorbs less strongly. Measurements at 
this wavelength were also used to show inhibition 
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of the oxidation of p-methoxybenzy] alcohol by the 
presence of p-methoxybenzaldehyde (Fig. 3). The 
enzyme showed its maximum activity between 
pH 6-0 and 6-5 in 0-022m-phosphate buffer (Fig. 4). 
Activity fell off rapidly above pH 7-0, but was 
higher in tris buffer than in phosphate buffer. 

Enzyme solutions were stable, and could be kept 
at room temperature for many days without 
marked loss in activity. Heating for 5 min. at 
temperatures up to 45° had no effect, but above this 
temperature activity rapidly fell off, the enzyme 
being totally inactivated after heating to 55° for 
5min. Activity was unaffected by 0-67 mm-p- 
chloromercuribenzoate in the test solution, indi- 
cating that SH groups do not contribute to the 
activity. Also no heavy-metal ions appear to be 
involved, as activity fell by only 12% in the 
presence of 2 and 4m™M-KCN, and by only 9% in 
the presence of 2 and 4mm-NaN,. No diffusible 
cofactor is involved, as the activity of an enzyme 
solution was unaffected by dialysis against 0-067 M- 
phosphate buffer for 24hr. The activity of the 
enzyme was found to be unaffected by the addition 
of 0-15umole of DPN or TPN to the usual test 
solution. 
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Fig. 3. Inhibitory effect of p-methoxybenzaldehyde on the 
rate of oxidation of p-methoxybenzyl alcohol by oxidase 
from Polystictus versicolor. The source of enzyme was a 
50-fold dilution of a concentrate prepared from a 10-day- 
old growth solution. The rate of oxidation was deter- 
mined spectrophotometrically, aldehyde being added to 
the usual assay solution before making up to 3 ml. (see 
Materials and Methods section). 
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Formation of hydrogen peroxide. The formation of 
hydrogen peroxide during oxidation of p-methoxy- 
benzyl alcohol by the enzyme was indicated by the 
appearance of a red—brown when o-dianisidine and 
peroxidase were present (Huggett & Nixon, 1957). 
To 1-5 ml. of reagent solution [1—2 mg. of peroxidase 
and 0-5 ml. of 1% (w/v) o-dianisidine in 95 % (v/v) 
ethanol, in 29-5 ml. of phosphate buffer, pH 7-0] 
were added 0:5ml. of 5 mmM-p-methoxybenzyl] 
alcohol and 1 ml. of growth solution of activity 
0-74 umole/ml./hr. After 1-5 hr. the test solution 
had an extinction of 1-015 at 420 mp. No colour 
developed in a control from which p-methoxy- 
benzyl alcohol was omitted. Oxidation of p- 
methoxybenzyl alcohol by the enzyme ceased after 
bubbling nitrogen through the usual test solution 
for 15 min. On adding 0-15 pmole of DPN or TPN 
to the anaerobic solution, no formation of reduced 
DPN or TPN could be detected by absorption 
measurements at 340myp. On bubbling oxygen 
through an anaerobic solution, oxidation began 
again. In solutions saturated with oxygen at 
atmospheric pressure, the rate of oxidation was 
only 10% higher than when saturated with 
air. 

These results indicate that the enzyme transfers 
hydrogen from aromatic alcohols directly to mole- 
cular oxygen, but cannot transfer hydrogen to 


0-3 
a 
ae © 
ad 
£ 
2 02 
° 
5 
=> 
> 
> 
o 
<x a 
0-1 
0 
5 6 7 8 


pH 


Fig. 4. Effect of pH on the rate of oxidation of p-methoxy- 
benzyl alcohol by the oxidase from Polystictus versicolor, 
the source of enzyme being water to which the mycelium 
had been transferred from growth solution 7 days pre- 
viously. The buffers used, Sorensen’s KH,PO,—-Na,HPO, 
(O) and tris (@), were substituted for the usual phos- 
phate buffer in the assay solution used for spectrophoto- 
metric determination of oxidation rates. 
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DPN or TPN. Transfer of hydrogen to methylene 
blue was observed under anaerobic conditions. 
A portion (1 ml.) of enzyme concentrate was added 
to lml. of phosphate buffer, pH 6-2, 0-5 ml. of 
0-534 mM-methylene blue and 0-5 ml. of 0-04m-p- 
methoxybenzyl alcohol or 0-5ml. of water in 
Thunberg tubes, after evacuating and filling the 
tubes with nitrogen three times. After incubation 
for 4hr. at 22° in daylight or in the dark the 
methylene blue was reduced 60 % in the presence of 
the alcohol and was unchanged in the control. The 
rate of transfer of hydrogen to methylene blue by 
the enzyme was only about one-fiftieth of the rate 
of transfer to oxygen. 

Polyphenoloxidase activity was absent from a 
growth solution and an enzyme concentrate. The 
former was tested by the method of Dion (1952), 
with 1 ml. of 10 days’ growth solution and 5 ml. of 
0-1% (w/v) solutions of catechol, guaiacol, phenol 
and p-cresol. After incubation for 24 hr. at 25° no 
coloured products were formed. The enzyme con- 
centrate was tested for oxygen uptake in the 
Warburg apparatus. Portions (1 ml.) of enzyme 
solution and 1 ml. of phosphate buffer, pH 6-2, 
were added to the main compartments of the flasks 
and 0-5ml. of 0-02m solutions of catechol and 
p-cresol were tipped in from the side arms. No 
nor 


oxygen uptakes were recorded were 


coloured products formed. 


any 


DISCUSSION 


The aromatic-alcohol oxidase of Polystictus versi- 
color differs from alcohol dehydrogenase in not 
oxidizing ethanol and butanol and in being inde- 
pendent of DPN. Ose & Hironaka (1957) reported 
an alcohol dehydrogenase which reduced benzalde- 
hyde and which was not identical with, but was 
very similar to, ethanol dehydrogenase. Gillette 
(1959) presented evidence of an aromatic-alcohol 
dehydrogenase, from rabbit liver, which oxidized 
p-nitrobenzyl alcohol to p-nitrobenzaldehyde, but 
this enzyme was also dependent on DPN. Various 
aromatic aldehydes, including some which have 
been examined in the present work, have been 
found to be reduced to give the corresponding 
alcohols when added to cultures of brewer’s yeast 
which were vigorously fermenting sugars (Neuberg, 
1949; Higuchi, Kawamara & Ito, 1955). The 
reduction is linked with the fermentation. 

The enzyme of Polystictus versicolor has not yet 
been obtained in sufficient concentration and purity 
to identify its prosthetic group with certainty. 
However, its general properties suggest that it is a 
flavoprotein, as they closely resemble those of 
known enzymes of this type, such as the amino acid 
oxidases, and glucose oxidase. Like these it is 
scarcely inhibited by cyanide or azide, and 
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transfers hydrogen directly to molecular oxygen to 
give hydrogen peroxide. It transfers hydrogen to 
methylene blue rather slowly, as does, for instance, 
the D-amino acid oxidase of kidney (Krebs, 1935). 
The L-amino acid oxidase of kidney is known to 
oxidize «-hydroxy acids, including the aromatic 
phenylglycollic acid (Ratner, 1955), but it is 
certainly dist inct from the enzyme examined here, 
which does not oxidize L-amino acids. 

The release of this aromatic-alcohol oxidase into 
solutions in contact with mats of the fungus pro- 
vides an explanation of previous observations 
made with the Kluyver technique (Farmer e¢ al. 
1959). It was then found that solutions of m- and 
p-methoxybenzoic acid and of 3:4-dimethoxy- 
benzoic acid were completely reduced in the 
presence of fungal mats to give mixtures of the 
corresponding alcohols and aldehydes, but benzoic 
acid gave only the alcohol. These observations can 
be interpreted as being the result of a dynamic 
equilibrium in which the aldehydes were reduced to 
alcohols within the cells of the fungus, while the 
alcohols were re-oxidized to the aldehydes by the 
extracellular enzyme. The relative rates of these 
two processes must determine the ratio of aldehyde 
to alcohol at equilibrium. Our present observations 
give information only on the rates of oxidation of 
the alcohols, so these do not exactly parallel the 
amounts of aldehyde formed on reducing the 
corresponding acids by fungal mats. 

Polystictus versicolor is a white rot, attacking the 
lignin of wood. Henderson (1955) found that 
vanillic acid and syringic acid could be extracted 
from a hardwood sawdust after this fungus had 
been growing on it for some weeks, but that only 
vanillic acid could be extracted from a softwood 
sawdust, in agreement with the known aromatic 
structure of the lignin of these woods (Brauns, 
1952). The initial attack on the lignins must be by 
extracellular enzymes, causing a degradation of the 
lignin to water-soluble substances which can be 
absorbed by the fungal cells. The possibility that 
the extracellular enzyme examined here plays 
some part in the breakdown of the lignin is being 
further investigated. 


SUMMARY 


1. Growth media of Polystictus versicolor, or 
water left in contact with mycelial mats of this 
fungus, contained an enzyme system which trans- 
ferred hydrogen from aromatic alcohols to mole- 
cular oxygen, with the formation of aromatic 
aldehydes and hydrogen peroxide. No phenol- 
oxidase activity was detected. 

2. Activity was estimated either by spectro- 
photometric estimation of the rate of aldehyde 
formation, or by oxygen uptake. 
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3. The enzyme system could be concentrated 
from growth media, though with some loss, by 
ammonium sulphate precipitation. 

4. Of the substances tested, all the primary 
aromatic alcohols, which included f-naphthyl- 
earbinol, benzyl alcohol and seven other ring- 
substituted benzyl alcohols, were oxidized, but 
three secondary 1-phenylethanols were not. Glu- 
cose, ethanol, butanol and the L-amino acids tested 
were not oxidized. 

5. Enzyme activity was little affected by p- 
chloromercuribenzoate, cyanide or azide ions. 

6. There was no evidence for pyridine nucleotide 
participation in the reaction. 


We are indebted to Dr D. M. Webley for valuable dis- 
cussions during the course of this work. 
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Plant Polyphenols 
1. ANTHOCYANIN PRODUCTION IN THE CULTIVATED POTATO 


By J. B. HARBORNE 
John Innes Horticultural Institution, Bayfordbury, Hertford, Herts 


(Received 8 January 1959) 


Earlier studies of the biochemical effects of single 
gene substitutions upon anthocyanins in plants 
(Scott-Moncrieff, 1936; Lawrence, 1950) have 
neglected a detailed consideration of both the 
glycosidic nature of the pigments and the structure 
of the related polyphenols, e.g. flavones and cin- 
namic acids, that were also present. Even in more 
recent studies, e.g. of the flavonoids of known 
genotypes of Antirrhinum majus (Geissman, 
Jorgensen & Johnson, 1954), no information was 
obtained about the genetical control of glycosid- 
ation. A study of the glycosidic pattern of antho- 


cyanins, flavones and related polyphenols in 


genetically analysed plants would therefore add 
considerably to our understanding of the role of 
glycosidation and other gene-controlled processes 
in flavonoid biosynthesis. 

For this purpose colour mutants of the culti- 
vated diploid potato were particularly suitable. 
Dodds & Long (1955) had shown that anthocyanin 


production was controlled by the presence of two 
genes. The gene P controlled production of an 
acylated petunidin glycoside and a gene R con- 
trolled the production of an acylated pelargonidin 
glycoside in the tuber and a cyanidin glycoside in 
the flower. Later, a third factor, Ac, controlling the 
acylation of the anthocyanins, was found (K. S. 
Dodds & D. H. Long, unpublished results). The 
detailed structures of the anthocyanins present 
were not investigated. The only previous detailed 
examination of the anthocyanins of the cultivated 
potato was that of Chmielewska (1936), who studied 
pigments present in the skin and flesh of a purple- 
black variety called Negresse. A malvidin 3- 
rhamnosylglucoside, acylated with p-coumaric acid 
(negretein), and a 3-monoglucoside (tuberin) of a 
supposedly unknown anthocyanidin, tuberinidin, 
were reported. 

In the présent work, ten anthocyanins have been 
found in tubers or flowers of cultivated potatoes. 
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pigment extracts of substances interfering with the 
identification of the sugars (i.e. free sugars, other plant 
glycosides and the arabinose artifact in the chromato- 
graphy paper) was carried out as already described 
(Harborne, 1958). 

Identification of the anthocyanidins and sugars. Eluates of 
the purified pigments were evaporated to dryness, the 
residues dissolved in 10 ml. of N-HCl and heated for 1 hr. 
at 100° in a stream of nitrogen gas in semi-darkness. The 
cooled solutions were extracted twice with 1 ml. portions of 
hexan-l-ol, and the extracts evaporated to dryness. They 
were identified by chromatographic and spectral compari- 
son with authentic anthocyanidins. The aqueous residues 
were washed with 5 ml. portions of a 10 % (v/v) solution of 
di-n-octylmethylamine in chloroform (Smith & Page, 1948; 
Harborne & Sherratt, 19576) until they were neutral 
(traces of unchanged anthocyanin present acted as an 
indicator). After washing twice with 10 ml. portions of 
chloroform, the aqueous residues were concentrated in 
vacuo. The sugars present were identified as glucose and 
rhamnose by chromatographic comparison with authentic 
markers in three solvent systems in the usual way (Lederer 
& Lederer, 1957). 

The sugars obtained from pigments 1, 5 and 8 were 
separated by chromatography in solvent B and were 
further identified as follows. The absorption spectra of the 
coloured products obtained from the individual sugars 
after treatment in solution with sulphuric acid and re- 
sorcinol, the ‘unsulphonated reaction’ procedure being 
used (Devor, Conger & Gill, 1958), and on paper with 
aniline hydrogen phthalate, were measured. The results 
obtained in the resorcinol reaction with rhamnose are 
given in Fig. 1. The spectral curves of the colours produced 
from the reaction of the glucose samples with resorcinol 
were identical with that from the authentic sugar (Amax. 
489 mp, inflexions at 430 and 555 my) and differed from 
that obtained from galactose (A,,,,. 422 and 495 my, in- 
flexion at 550 my) (cf. Devor et al. 1958). Similar results 
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Fig. 1. Absorption spectra of the products obtained after 
treatment with resorcinol and sulphuric acid from 
authentic rhamnose (—) and from the rhamnose present 
in the anthocyanins 1 (O), 5 (@) and 8((j). Absdrption 
maxima are at 412, 488 and 545 my respectively. 
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were obtained with aniline hydrogen phthalate. The 


coloured products from authentic and unknown samples of 


glucose all had 4,,,,, at 397 mu; from authentic and un- 
known samples of rhamnose all had A,,,,, at 375 mp. The 
glucose samples also responded to a specific test for p- 
glucose, i.e. they were rapidly oxidized by glucose oxidase 
(Keilin & Hartree, 1952). The other common sugars were 
run as controls and were recovered unchanged. 
Determination of acyl groups. The determination of the 
spectra of the ten pigments indicated that pigments 1-6 
were acylated with one mol.prop. of p-coumaric acid (cf. 
Harborne, 1958a), and that pigments 7-10 were free from 
ultraviolet-absorbing acyl groups. The presence of p- 
coumaric acid in pigments 1-6 was confirmed as follows. 
Eluates of these pigments were evaporated to dryness and 
4ml. of 2n-NaOH was added under nitrogen at room 
temperature. After 2 hr. the solutions were acidified, ex- 
tracted thrice with ether (5 ml.) and the extracts were 
dried and evaporated. p-Coumaric acid was identified in 
the residues by chromatographic and spectral comparison 
(Geissman & Harborne, 1955) with authentic material. 
Determination of the position and number of sugar residues. 
The pigments were hydrolysed with n-HCl at 100° for 
10 min. or with fungal anthocyanase (Harborne & Sherratt, 
1957 c) at 30° for 2 hr. The resulting solutions were banded 
on no. 3 paper and developed with solvent B. The indi- 
vidual bands were then cut out, eluted and identified by 
spectral and chromatographic comparison with authentic 


anthocyanins (see Table 3). Controlled acid hydrolysis of 


pigments 1-6 gave mainly 5-glucoside 3-rhamnosylglucos- 
ide, 3:5-diglucoside, 3-glucoside and 5-glucoside; enzymic 
hydrolysis of the same pigments, after deacylation, gave 


mainly 3-rhamnosylglucoside. Since authentic specimens of 


peonidin and malvidin 3-rhamnosylglucoside were not 
available [their reported occurrence in cultivated varieties 
of Cyclamen (van Bragt, 1958) could not be confirmed], the 


sugars and anthocyanidins formed on acid hydrolysis of 


these intermediate glycosides were identified by the 
methods described above. This was also done for the six 
5-glucoside 3-rhamnosylglucosides and for all the inter- 
mediate glycosides from pigment 1. 

Determination of aglycone sugar ratios. The pure antho- 
cyanins (1-2 mg.) were heated for 1 hr. with n-HCl (5 ml.) 
at 100° in the dark (cf. Nordstrém, 1956). Measured 
portions of the hot aqueous solutions were cooled and 
diluted ( x 5) with methanol containing 0-01 % of cone. HCI. 
The dilutions were adjusted so that the solutions gave an 
extinction reading of about 1-0 at the visible maxima of the 
appropriate anthocyanidins (cf. Harborne, 1958a). The 
concentrations of anthocyanidins present in the hydro- 
lysates were then calculated, by the use of measurements 


made at the same time on freshly prepared solutions of 


standard anthocyanidins in methanol containing 0-01% 
of conc. HCl (5 mg./50 ml.). 

The amounts of glucose and rhamnose in the hydro- 
lysates of these pigments were determined by a modification 
of the method of Pridham (1956). The sugars were separated 
on paper chromatograms with butan-l-ol—benzene—pyr- 
idine—water (5:1:3:3, by vol.). The sugars were detected by 
spraying the chromatograms with aniline hydrogen 
phthalate in butan-1l-ol (Partridge, 1949) and heating at 
110° for 5 min. 

Comparisons with 


anthocyanins from other plants. 


Several of the pigments were compared spectrally and 
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chromatographically with the same anthocyanins isolated 
from other sources. All the mixtures of the potato and 
other pigments were chromatographed in the five solvent 
systems and no separation into two spots was observed. 
The structures of these other pigments were determined as 
for the potato anthocyanins. In this way pigment 7 was 
shown to be identical with pelargonidin 3-rhamnosy]l- 
glucoside, isolated from pink flowers of Antirrhinum majus 
(Harborne & Sherratt, 1957b), pigment 8 with cyanidin 
3-rhamnosylglucoside isolated from mauve flowers of 
A. majus (Scott-Moncrieff, 1930), the deacylated antho- 
cyanins of pigments 1, 2, 3 and 6 and pelargonidin, cyan- 
idin, peonidin and malvidin 5-glucoside 3-rhamnosylglu- 
coside, respectively isolated from various colour mutants 
of the garden forms of Streptocarpus (J. B. Harborne, un- 
published results), and pigments 4 and 5 with anthocyan- 
ins in a number of solanaceous plants (see Results section). 

Identification of flavonols of potato flowers. Freshly col- 
lected corollas of the cultivated potatoes were extracted 
with methanol—cone. HCl (97:3, v/v) at room temperature 
for 12hr. After decaating from cellular material, the 
extracts were concentrated and equal volumes of 2n-HCl 
added. The solutions in test tubes were covered with a 
$in. layer of xylene and heated for 40 min. at 100°. The 
cooled solutions, after removal of the xylene, were ex- 
tracted twice with small volumes of ethyl acetate. The 
extracts were evaporated and the residues compared 
chromatographically and spectrally with authentic flavonols 
(Bate-Smith, 1956; Clevenger, 1958). 

Identification of rutin in flowers of Solanum phureja. The 
main flavonol glycoside band on chromatogramsin solvent B 
of methanol-HCl extracts of the flowers of all six geno- 
types of S. phureja was identified as rutin by colour re- 
actions on paper (ochre under ultraviolet light, changing to 
bright-yellow-brown on fuming with ammonia), its R, 
values (0-43 in solvent B, 0-26 in solvent C) and spectral 
properties. After elution of the pigment from paper, 
and then purifying it by chromatography in solvent B and 
water, it was hydrolysed with acid and the aglycone and 
sugars were identified as quercetin, glucose and rhamnose. 


RESULTS 
Identification of the anthocyanins 


Ten anthocyanin pigments have been found in the 
tubers or flowers of the various colour forms of the 
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cultivated potato. Table 2 shows the more im- 
portant spectral and chromatographic properties 
of these pigments. Pelargonidin was produced by 
acid hydrolysis from pigments 1 and 7, cyanidin 
from 2 and 8, peonidin from 3, delphinidin from 4 
and 9, petunidin from 5 and 10 and malvidin from 6. 
Glucose and rhamnose were shown to be present in 
all the pigments. In preliminary studies arabinose 
was detected in hydrolysates of these pigments 
(Harborne, 1956), but this was later found to be an 
artifact (Harborne & Sherratt, 1957a). p-Cou- 
maric acid was detected as an acyl group in pig- 
ments 1—6, and it was shown by spectral measure- 
ments (see Table 2) to be present in the molar ratio 
to pigment aglycone of 1: 1. The results of controlled 
acid or enzymic hydrolysis (Table 3) indicate that 
the acylated anthocyanins have rhamnose and 
glucose in the 3-position, and glucose in the 5- 
position, and that the other four pigments have 
rhamnose and glucose in the 3-position. 
anthocyanins containing three sugar residues have 
not previously been found in nature the sugar: agly- 
cone ratios in some of these pigments were deter- 
mined. The results obtained (Table 4) in determi- 
nations on three authentic and six potato antho- 
cyanins are in reasonable agreement with the 
theoretical ratios. 

Thus pigments 1—6 have been identified as the 
p-coumaryl 5-glucoside 3-rhamnosylglucoside de- 
rivatives of pelargonidin, cyanidin, peonidin, 
delphinidin, petunidin and malvidin. Similarly, 
pigments 7-10 are the 3-rhamnosylglucosides of 
pelargonidin, cyanidin, delphinidin and petunidin. 
A detailed study of pigment 4 was not possible, 
since it was present in such small amount and 
difficulty was experienced in separating it from 
pigment 5. This latter fact, however, suggests that 
it is similar in structure to pigment 5. The precise 
structure of the disaccharide unit of these antho- 
cyanins has not been determined. There is some 
evidence for considering it to be rutinose, 6-O-£- 
rhamnopyranosyl-p-glucose. Thus pigment 8 and 


Since 


Table 2. Absorption spectra and R, values of the anthocyanins of the potato 





Anas. in E319 my! 2 max Ey 40 map! Boece. Rpt 
methanol—HCl pigment pigment r ——__—__— — 
Pigment (mp) (%) (%) Solvent A Solvent B Solvent E 
1 289, 313, 505 67 19 0-43 0-37 0-27 
2 293, 310, 525* 67 13 0-26 0-32 0-22 
3 293, 310, 525 67 12 0-31 0-34 0-22 
+ 281, 310, 535* 79 11 0-26 0-31 0-19 
5 282, 308, 536* 66 9 0-26 0-32 0-19 
6 282, 308, 535 71 9 0-28 0-36 0-20 
7 269, . , 508 12 40 0-30 0-37 0-22 
8 282, . , 523 6 23 0-25 0-37 0-19 
9 279, . , 537* 13 17 0-15 0-30 0-11 
10 278, . , 536* 14 19 0-16 0-35 0-13 


* Only these pigments had their spectra shifted to the blue region by the addition of ethanolic AICI,. 


+ Measured on Whatman no. 1 paper. 
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Table 4. Aglycone:sugar ratios of some anthocyanins 
Ratios are means of three determinations which varied within +12%. 

Pigment Aglycone Sugars Aglycone : Glucose Rhamnose 
Pelargonin Pelargonidin 3:5-Diglucoside 1 2-20 ‘ 
Antirrhinin Cyanidin 3-Rhamnosylglucoside 1 1-13 0-93 
Chrysanthemin Cyanidin 3-Glucoside 1 0-97 : 

1 Pelargonidin 5-Glucoside 3-rhamnosylglucoside 1 2-20 1-07 
7 Pelargonidin 3-Rhamnosylglucoside 1 0-96 0-99 
2 Cyanidin 5-Glucoside 3-rhamnosylglucoside 1 2-20 1-01 
d Peonidin 5-Glucoside 3-rhamnosylglucoside se 2-20 1-00 
5 Petunidin 5-Glucoside 3-rhamnosylglucoside 1 2-50 1-18 
6 Malvidin 5-Glucoside 3-rhamnosylglucoside 1 2-02 0-97 


* No peonidin marker was available for determining the aglycone concentration. 


antirrhinin, a cyanidin-3-rhamnosylglucoside which 
has been shown to be the 3-rutinoside by its pre- 
paration from rutin (Bauer, Birch & Hillis, 1954), 
are chromatographically identical. Furthermore, 
rutin itself has been found in the flowers of 
domestic potatoes (Tatsuta, 1953). 

In the acylated anthocyanins it has not been 
possible yet to determine the position of attach- 
ment of the acyl group. The relative stability to 
acid hydrolysis of these acylated anthocyanins and 
their chromatographic behaviour favour its attach- 
ment through the sugar residue in the 3- or 5- 
position. Because of the uncertainty about the 
position of attachment of the acyl groups, it is 
proposed to call pigments 1-6 pelanin, peonanin, 
cyananin, delphanin, petanin and negretein re- 
spectively. The name negretein is retained for the 
malvidin derivative since Chmielewska’s (1936) 
identification of this compound in the purple— 
black potato is substantially correct. Tuberin, the 
second pigment of the Negresse potato, is identical 
with the petunidin derivative, petanin, present in 
Solanum phureja, so that this name is no longer 
needed. The name tuberin is unsuitable, since it has 
long been used (Osborne & Campbell, 1896) to 
describe the main protein of potato tubers. The 
English purple—-black potato, variety Congo, also 
contains both petanin and negretein and it can 
now be assumed that Congo and Negresse are 
synonyms for the same variety. 


Distribution of the anthocyanins in 
Solanum phureja and other cultivated potatoes 


The detailed identification of the anthocyanins of 
the cultivated potato makes it possible to describe 
the biochemical effects of the main genes con- 
trolling pigment production. The collected results 
are shown in Table 5, which is a considerable 
amplification of the earlier findings of Dodds & 
Long (1955). It is now clear what effects the three 
main colour genes have on anthocyanin production. 
Genes P and R both determine the type of antho- 
eyanidin produced. The gene P controls production 
of delphinidin in both flower and tuber. The gene R 


controls production of cyanidin in the flower and 
pelargonidin in the tuber. The gene R is hypostatic 
to P in the tuber so that its effect on pigment 
production is only apparent in pp genotypes. 
R»” is an allele of R, no recessive rr form being 
known. For this reason, information about the 
inheritance of cyanidin or its monomethyl ether 
peonidin in coloured tubers is lacking. 

The third gene, Ac, is concerned not only with 
acylating the anthocyanins with p-coumaric acid, 
but also with the attachment of a glucose residue in 
the 5-position and with the methylation of del- 
phinidin and cyanidin derivatives. This gene is, 
however, not completely effective in cultivated 
plants in its control of either acylation or methy]l- 
ation. Thus in flowers of AcAc genotypes about 
half the cyanidin produced is present in unacylated 
form as the 3-rhamnosylglucoside. On the other 
hand, the control of methylation by the Ac gene is 
complete in the flowers, but incomplete in the 
tubers, where the 3-rhamnosylglucoside of petuni- 
din, the monomethyl ether of delphinidin, is found 
in PPacac genotypes. This may be correlated with 
the fact that the action of the ‘methylating’ genes 
is known to be more effective in the tuber organ 
(compare the pigments in the flowers and tubers of 
AcAc genotypes). 

Dodds & Long (1955) showed that the antho- 
cyanins in tetraploid cultivated potatoes are 
generally the same as those present in the colour 
genotypes of the diploid species. This has now been 
confirmed in detail. In the present work, two main 
differences in pigmentation of varieties of the 
domestic potato and the South American tetraploid 
S. tuberosum subspecies andigena have been noted. 
The first is that negretein, a derivative of del- 
phinidin dimethyl ether, is found only in tetraploid 
varieties. The second is that production of peonanin, 
of which nothing is known genetically, is much 
diminished and, in some cases, disappears in red and 
blue tetraploids. 

Petanin, often accompanied by traces of del- 
phanin, is of widespread occurrence in plants of the 
Solanaceae family. Petanin has already been 
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shown to be the major anthocyanin of wild species of 
tuber-bearing Solanum plants (Dodds & Long, 1955), 
and, in the present work, traces of delphanin have 
been found with it. Petanin has also been found in 
non-tuberous Solanum plants (e.g. in the black 
berries of S. guitoense) and so has delphanin (e.g. 
in the purple flowers of S. seaforthianum). Petanin 
has been provisionally identified by spectral and 
chromatographic methods, with pigments of other 
genera of the Solanaceae. These include the purple 
stem pigment of the tomato, Lycopersicon escu- 
lentum, and the mauve flower pigment of Atropa 
belladonna and one of the pigments of flowers of 
the Petunia garden hybrid var. Flaming Velvet. 
A pigment of similar structure to delphanin has been 
reported to occur in the skin of some varieties of the 
egg plant, Solanwm melongena (Abe & Gotoh, 1957). 


Identification in potato flowers of flavonols 
related to the anthocyanins 


The flavonol aglycones, kampferol, quercetin and 
myricetin, which correspond in their hydroxylation 
pattern to pelargonidin, cyanidin and delphinidin, 
have all been found in flowers of the colour geno- 
types of S. phureja. Myricetin was present only in 
PP genotypes, i.e. in association with petunidin and 
delphinidin. An examination of the flavonol 
aglycones of a large number of different plants, 
with red (ppRR genotypes) or white (ppR™R?" 
genotypes) flowers, showed that only quercetin, 
accompanied sometimes by kampferol, was present 
in these plants. It is therefore evident that the 
same gene P controls the production of both 
myricetin and delphinidin. The glycosidic form of 
the flavonols present in Solanum species is also 
related to that of the anthocyanins. Thus the main 
flavonol of S. phureja flowers is quercetin 3-rham- 
nosylglucoside (rutin). A number of other flavonol 
glycosides have also been examined and all, so far, 
contain glucose and rhamnose as their only sugar 
residues. 


DISCUSSION 


Previous investigations of the biochemistry of 
pigment production in higher plants have provided 
the basis for the present theories of flavonoid bio- 
genesis (Geissman & Hinreiner, 1952). The fact 
that much improved methods of pigment analysis 
are now available (e.g. Geissman, 1955; Harborne, 
1958a, b) makes it appropriate to re-investigate the 
subject. The present study of anthocyanin pro- 
duction in the cultivated potato has shown that 
there is a remarkable similarity in the detailed 
structures of both the anthocyanins and the 
flavonols present. It is difficult to avoid the 
assumption that all these compounds arise from a 
single C,; precursor of the type proposed by Robin- 
son (1936), which is then elaborated along different 
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The South American and Mexican species of the 
tuberous Solanum plants are important as a source 
of breeding material for improving the domestic 
potato. The polyphenols are being studied in con- 
nexion with genetical work (see, for example, 
Dodds & Long, 1955; Harborne, 1957), but they are 
also of interest because they may play a part in 
disease resistance in the domestic potato (Valle, 
1957; Kuc, Henze, Ulistrup & Quackenbush, 1956; 
Kue, 1957; Lee & Le Tourneau, 1958). In a pre- 
liminary survey of the polyphenols present in the 
petals of the tuberous Solanum plants, it was ob- 
served that the Mexican diploid S. pinnatisectum 
and two related species contained some polyphenols 
which were absent from some 70 other species in- 
vestigated. When examined in ultraviolet light, 
chromatograms of extracts of these particular 
plants contained three distinctive brightly fluor- 
escent spots in addition to the usual spots of the 
anthocyanins, flavonol glycosides and caffeic acid 
esters. This paper describes the identification of 
these three compounds. The other phenolic com- 
ponents of Solanum pinnatisectum have also been 
identified. 


MATERIALS AND METHODS 


Plant material. The Commonwealth Potato Collection 
(Hawkes, 1944) is maintained at this Institution under 
glasshouse conditions. Plants from four tuber lines (C.P.C. 
2291, 2298, 2300 and 2301) of Solanum pinnatisectum and 
hybrids between two of these lines were available. Several 
lines of most of the other species in the collection were 
examined and no major intra-species differences in poly- 
phenolic content were noted. Flowers from commercial 
stocks of Cichorium intybus and C. endivia were used as 
sources of cichoriin. 

Authentic compounds. Scopoletin (7-hydroxy-6-methoxy- 
coumarin) and isoquercitrin (quercetin 3-glucoside) were 
kindly made available by Dr T. Swain of the Low Tempera- 
ture Station, Cambridge. A synthetic specimen of cichoriin 
(aesculetin 7-glucoside) came from Professor A. Robertson, 
University of Liverpool, through the courtesy of Dr F. M. 
Dean. Authentic scopolin (6-O-methylaesculetin 7-gluco- 
side) and ‘methyl cichoriin’ were isolated by paper chro- 
matography from the roots of Scopolia lurida, S. chinensis, 
S. carniolica (Spith, 1937) and Atropa belladonna (Moore, 
1911). Fabiatrin (6-O-methylaesculetin 7-xylosylglucoside) 
was obtained from the leaves of Fabiana imbricata (Edwards 
& Rogerson, 1927; Chaudhury, Holland & Robertson, 


1948). The other compounds were either purchased from 
L. Light and Co. Ltd., or prepared from purchased com- 
pounds by well-established chemical procedures (e.g. 
Wawzonek, 1951). 

Chromatographic survey of polyphenols. Small quantities 
of freshly collected corolla, leaf or tuber tissue of Solanwm 
species were extracted with boiling 95% ethanol (or 
methanolic 1% HCl, if anthocyanins were present) and the 
extracts concentrated by evaporation at room tempera- 
ture and applied as spots to two-dimensional chromato- 
grams. After development with butan-1l-ol-acetic acid 
water (4:1:5, by vol.), the papers were dried and developed 
in the second direction with water. Polyphenols on the air- 
dried papers were detected by means of their colour re- 
actions (Geissman, 1955). 

Separation of the polyphenols of Solanum pinnatisectum. 
About 300 g. of freshly collected corollas of S. pinnatisectum 
were extracted with boiling 95% ethanol for 20 min. The 


filtered solution was washed twice with equal volumes of 


light petroleum, b.p. 60-80°, and concentrated to a small 
volume in vacuo at about 50°. The concentrate was applied 
as a band to 12 sheets of Whatman no. 3 filter paper, and 
these were developed with water by descent. The dried 
chromatograms showed the presence of six major bands 
(Table 1) corresponding in their colour reactions and Rp 
values to the main spots observed on two-dimensional 
chromatograms. Each band was then eluted separately 
with 70% methanol, and the eluates concentrated and 
purified by repeated chromatography, as necessary, in one 


or more of solvents A, B, C or D of Table 1. The purity of 


each band was tested by chromatographic and spectral 
analysis. 

Hydrolysis of the polyphenols. Purified eluates of bands 
2-6 were evaporated to dryness and heated for 1 hr. with 
n-HCl. The cooled solutions were extracted twice with 
small volumes of ethyl acetate, and the aqueous residues 
were washed with solutions of di-n-octylmethylamine in 
chloroform (10%, v/v), then with chloroform, and finally 
were concentrated to a small volume. These concentrates 
were examined for the presence of sugars by paper chro- 
matography (Lederer & Lederer, 1957). Identifications 
were confirmed by chromatography and co-chromatography 
with authentic sugars. The results are given in footnotes to 
Table 1. 

The ethyl acetate extracts were evaporated to dryness, 
and the compounds present identified by spectral and 
chromatographic comparison with authentic compounds 
(see below). 

The eluate of band 1 was hydrolysed with n-NaOH at 
room temperature for 2 hr. The acid formed was extracted 
into ether, and the ether extracts were washed with water, 
dried and evaporated. The residue was identified by its 
chromatographic and spectral properties. 
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} Identification of the polyphenols. The six polyphenolic 
components and their hydrolysis products were identified RESULTS 
, _ by comparison with authentic compounds by their colour , ‘ ’ ; ; 
reactions on paper, their Ry values in five solvent systems The six —— polyphenolic constituents of 
and their ultraviolet-absorption spectra as shown in Solanum pinnatisectum corollas were identified as 
Table 1. The ultraviolet spectra were measured on a  Chlorogenic acid, scopolin, cichoriin, aesculin, rutin 
Unicam SP. 500 spectrophotometer. (quercetin 3-rutinoside) and isoquercitrin. The 
Identification of the anthocyanidins of Solanum pinna- presence of seven other very minor constituents 
} tisectum tubers. The tuber skin was extracted with meth- were detected on two-dimensional chromatograms, 
anolic 1% HCl and the extract was concentrated and but they were not present in sufficient amounts for 
heated for 40 min. with an equal volume of 2N-HCl at 100° further study. One of these compounds, however, 
b ieee under xylene. The cooled solution was extracted with had ee ; ; Oe ya a a 
: at ae 7 a han 1ad the same #, and colour reactions as aesculetin. 
putes pentan-1l-ol, after removal of the xylene layer. This extract Wak Aeiailees alll tee dhe winbad eueabiieadaha was é 
a was evaporated to dryness and the anthocyanidins in the the identity of the six major constituents was con- 
ry residue were identified by spectral and chromatographic firmed by examination of the products of hydro- 
aitaiee TA comparison with authentic compounds (Bate-Smith, 1954; lysis. The combined results are presented m Table 1. 
lanum | Harborne, 1958a, b). Cichoriin has previously been found only in the 
= = Table 1. Ry, values and spectra of constituents of Solanum pinnatisectum and their hydrolysis products 
npera- In all cases, unknown compounds were co-chromatographed with authentic material and no separation of the mixture 
mmato- into two components was observed. The solvent systems used were: A, water; B, butan-1-ol—acetic acid—water (4:1:5, by 
acid vol.); C, butan-l-ol-aq. 2N-ammonia soln. (1:1, v/v); D, aq. 15% acetic acid; Z, butan-l-ol-ethanol-water (4:1:5, 
eloped | by vol.). 
he air- R, values in solvent Colour in ultraviolet light 
siete aie ; Band (fichiers at escape ie tee ree 
no. Compound A B Cc D E Untreated Treated with NH, 
eet 1 Chlorogenic acid 0-67 0-56 0-00 0-66 0-34 Blue Green 
AES 2 Scopolin 0-64 0-53 0-44 0-85 0-47 Violet—blue Violet—blue 
The 3 Cichoriin 0-61 0-53 0-10 0-78 0-49 Pale pink Orange-—yellow 
ae 4 Aesculin 0-56 0-53 0-13 0-76 0-51 Light blue Bright blue 
mes of 5 Rutin 0-24 0:43 0-23 0-56 0-45 Ochre Yellow—brown 
, small 6 isoQuercitrin 0-07 0-61 0-23 0-41 0-58 Ochre Yellow—brown 
ipplied ‘Methyl Fabiatrin 0-79 0-45 0-23 0-85 0-42 Violet—blue Violet—blue 
r, and cichoriin’ 
. dried Products of hydrolysis 
bands 1 Caffeic acid 0-25 0-81 0-00 0-45,0-56 0-67 Blue Light blue 
nd Rp 2* Scopoletin 0-29 0-82 0-35 0-59 0-80 Violet—blue Bright blue 
nabcaal 3* Aesculetin 0-28 0-75 0-13 0-56 0-68 Blue Light blue 
cated i 4* Aesculetin 0-28 0-76 0-13 0-56 0-68 Blue Light blue 
“ nd 5t Quercetin 0-00 0-71 0-00 0-05 0-70 Bright yellow Yellow 
. . | 6* Quercetin 0-00 0-71 0-00 0-04 0-67 Bright yellow Yellow 
snieeas — 6-Hydroxy-7- 0-21 0-83 0-54 0-51 0-81 Pale pink Orange-yellow 
rity of methoxycoumarin 
pectral Light absorption maxima 
es Beak S : ; : a = 
bands In 95% ethanol 
r. with with 2 drops of 
o with Band In 95% ethanol with ethanolic 5% 
esol no. Compound In 95% ethanol 2 drops of 2n-NaOH/3 ml. AICI, /3 ml. 
nine in 1 Chlorogenic acid 219, 245, 300, 330 227, 275, 402 3s 
finally 2 Scopolin 227, 250, 288, 339 230, 245, 278, 342 -- 
ne 3 Cichoriin 228, 290, 345 249, 277, 304, 395 —_ 
ntrates | 4 Aesculin 224, 252, 293, 338 243, 272, 305, 383 ca 
r chro- | 5 Rutin 305, 357 279, 415 363, 400 
cations 6 tsoQuercitrin 257, 300, 360 281, 415 — 
graphy ‘Methyl Fabiatrin 226, 249, 290, 340 230, 255, 274, 343 a 
otes to cichoriin’ 
Products of hydrolysis 
ryness, 1 Caffeic acid 218, 248, 299, 326 265 
al and 2 Scopoletin 229, 253, 300, 346 242, 272, 392 — 
pounds 3 Aesculetin 230, 260, 303, 351 259, 290, 350, 420 363 
} 4 Aesculetin 262, 300, 350 257, 285, 345, 420 365 
5 Quercetin 257, 372 Unstable 430 
vOH # 6 Quercetin 256, 371 Unstable 430 
tracted 6-Hydroxy-7- 230, 256, 297, 348 252, 275, 311, 397 : 


| water, 
by its 


methoxycoumarin 








* Glucose was identified as the other product of hydrolysis of these bands. 
{ Glucose and rhamnose were identified as the other products of hydrolysis of this band. 





272 J. B. HARBORNE 


blossoms of Cichorium intybus (Compositae; Merz, 
1932). It gives, however, a most distinctive pink on 
paper in ultraviolet light (see Table 1), which with 
ammonia changes to orange—yellow. The only other 
phenolic substances which show similar colour 
reactions are, so far as the author is aware, 6- 
hydroxy-7-methoxycoumarin and isoferulic acid 
(3-hydroxy-4-methoxycinnamic acid). In addition, 
the absorption maxima at about 250 my of cichoriin 
and 6-hydroxy-7-methoxycoumarin in alkali are 
much greater than those at about 390 my, whereas 
the reverse is true for aesculin [6-glucoside of aescu- 
letin (6:7-dihydroxycoumarin)]| and scopoletin. 

Band 3 was identified as cichoriin by comparison 
with a synthetic specimen and also with extracts of 
the flowers of Cichorium intybus and C. endivia. 
Scopolin and aesculin accompany cichoriin in both 
these plants, a point not previously recorded. 
Band 2 was compared with authentic scopolin, 
isolated from the roots of Scopolia species (Spath, 
1937) Atropa belladonna (Moore, 1911). 
Scopolin occurs in the Scopolia plants, accompanied 
by a second coumarin, which has been described as 
a diglucoside of scopoletin, under the misleading 
name of ‘methyl cichoriin’ (cf. McIlroy, 1951). This 
second substance gives xylose, glucose and scopo- 
letin on hydrolysis. It is also spectrally and 
chromatographically identical with the known 7- 
xyloglucoside of scopoletin (fabiatrin), which occurs 
in the leaves of Fabiana imbricata (Chaudhury et al. 
1948). 

The polyphenols of other parts of the Solanum 
pinnatisectum plant were examined more briefly. 
The leaves contain the same six compounds. The 
tubers, however, have only scopolin and chloro- 
genic acid. The skin of the tuber is pigmented with 
anthocyanin, and the aglycones_ delphinidin, 
petunidin and malvidin were detected in a hydro- 


and 


lysate of a skin extract. 

Only two other species of tuberous Solanum 
plants, S. jamesii and S. sambucinum, contain 
coumarins in their flowers. The latter species has 
the same major polyphenols in its flowers as has 
S. pinnatisectum. In S. jamesii aesculin is absent 
but another component, a p-coumaric acid ester, is 
present. Flowers of domestic varieties of the culti- 
vated potato do not contain coumarins, although 
these are present in the tubers, particularly in virus- 
infected material (Andrea, 1948; Baruah & Swain, 
1959). 


DISCUSSION 


The presence of three derivatives of 6:7-dihydroxy- 
coumarin (aesculetin) in Solanum pinnatisectum 
and two other related species is not surprising in 
view of the fact that aesculin, scopolin and scopo- 
letin have been found severally in other plants of 
the Solanaceae family (Spath, 1937; Mors & Ribeiro, 


1960 


1957). However, this is the first time that cichoriin 
has been found in solanaceous plants. The restricted 
distribution of these compounds in flowers of the 
tuberous Solanum plants is of interest. The three 
species which contain coumarins were formerly 
placed in the same taxonomic group, i.e. the 
Pinnatisecta series (Hawkes, 1944; Correll, 1952). 
Later Hawkes (1956) placed Solanum sambucinum 
in the Cardiophylla series, although he admits that 
it is intermediate in character between plants of the 
two series. Coumarin production can thus be 
provisionally considered as being characteristic of 
the flowers of Pinnatisecta species. These plants, 
which are unusual in the polyphenols they contain, 
are very distinct in their appearance and habit. 
Also they will readily hybridize only with species of 
the same series and are considered to be more 
primitive than the other species of the tuber- 
bearing Solanum plants. 

The co-occurrence of cichoriin, aesculin and 
scopolin in the same plant is of biogenetic interest. 
It suggests that aesculetin in some form is a 
common precursor and that methylation, followed 
by glucosidation, are the final steps in synthesis. 
That the same three coumarins are present in a 
plant of quite a different family, namely Cichorium 
intybus (Compositae), suggests that the enzymes 
involved are not restricted in their distribution to 
plants of the Solanaceae. That a close biosynthetic 
relationship exists between aesculin and cichoriin, 
the 6- and 7-glucosides of aesculetin, is apparent 
from preliminary experiments in which aesculetin 
was fed to leaves of solanaceous plants which do 
not normaily produce coumarins; the two gluco- 
sides were readily detected chromatographically. 





UMMARY 


1. Three coumarins, aesculin, cichoriin and 
scopolin, have been found in the flowers of Solanum 
pinnatisectum. 

2. The other major polyphenols present are 
chlorogenic acid, rutin and isoquercitrin. 

3. The coumarins also occur in two other closely 
related species of the tuberous Solanum plants. 

4. Their co-occurrence suggests that they are 
synthesized in the plant from aesculetin. 
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The SH-Group Content of Human Foetal and Sickle-Cell Haemoglobins 
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National Institute for Medical Research, Mill Hill, London, N.W. 7 


AND R. CECIL anp N. 8. SNOW 
Department of Biochemistry, University of Oxford 


(Received 3 July 1959) 


In a previous paper (Allison & Cecil, 1958) it was 
shown that the values obtained by various workers 
for the SH-group content of normal adult human 
haemoglobin (Hb A) by amperometric titration 
with silver nitrate were too high. Moreover, the 
high values obtained with silver nitrate had led to 
an incorrect interpretation of the results obtained 
with mercuric chloride (the interpretation depends 
on a knowledge of which of the possible mercap- 
tides has been formed). The matter was resolved by 
using a univalent organic mercurial, phenyl 
mercuric hydroxide, as the titrating agent. 

In this paper estimations of the SH content of 
human foetal haemoglobin (Hb F) and sickle-cell 
haemoglobin (Hb 8) are reported. In the light of 
the results obtained by Allison & Cecil (1958) with 
Hb A it was considered sufficient to use only the 
method of amperometric titration with phenyl 
mercuric hydroxide. 

Hommes, Santema-Drinkwaard & Huisman 
(1956) found six half-cysteine residues per mole of 
Hb F by amino acid analysis. Hommes, Dozy & 
Huisman (1958), using amperometric titration 
with silver nitrate, concluded that there are four 
titratable SH groups in both the native and de- 
natured protein. They also found that after treat- 
ment with thioglycollic acid, the protein gave two 
components by paper electrophoresis, whereas the 
untreated protein gave only one. They interpreted 
this observation as meaning that the protein con- 
sists of two peptide chains joined by one disulphide 
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bond and that this was reduced by the thioglycollic 
acid. 

When blood from patients suffering from homo- 
zygous sickle-cell anaemia is deoxygenated the 
haemoglobin forms liquid crystals within the 
erythrocytes and gives them the characteristic 
sickle shape (Pauling, Itano, Singer & Wells, 1949; 
Perutz & Mitchison, 1950; Perutz, Liquori & 
Eirich, 1951). It has been shown (Thomas & 
Stetson, 1948; Ingbar & Kass, 1951; Riggs, 1953) 
that the addition of reagents that react with SH 
groups prevents this behaviour. Similarly, Allison 
(1957) found that the increase in viscosity associ- 
ated with deoxygenation of solutions of HbS is 
prevented by the addition of 2 moles of p-chloro- 
mercuribenzoate per mole. This effect of SH-group 
reagents has given rise to the idea that the differ- 
ence in properties of Hb A and Hb S might be due 
to differences in the SH-group content. 

Ingbar & Kass (1951) found three SH groups per 
mole of native Hb 8S by amperometric silver titra- 
tion as compared with two for Hb A. Ingram (1957 a) 
found that four silver atoms and 2-2 mercury atoms 
were bound per mole of native protein, the same 
result as he had previously obtained for Hb A 
(Ingram, 1955). Hommes e¢ al. (1956) found that 
denatured Hb 8 and Hb A both bound eight atoms 
of silver per mole. Murayama (1957) reported that 
native Hb S bound four atoms of silver per mole 
at 0° and 1-9 at 38° but that 2-9 moles of p-chloro- 
mercuribenzoate were bound at both temperatures. 
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EXPERIMENTAL 


Preparation of materials 

Foetal haemoglobin (Hb F). Solutions of carboxyhaemo- 
globin were prepared from six samples of human umbilical- 
cord blood by the method used by Allison & Cecil (1958). 
The proportions of Hb F and Hb A in these samples were 
determined in two ways: (i) by measuring the rate of 
denaturation in alkaline solution (Jonxis, 1949); (ii) by 
measuring the shift in the tryptophan fine-structure band 
(Beaven, Hoch & Holiday, 1951). We are indebted to 
Dr G. H. Beaven for these determinations. As there is no 
reason for favouring either of these methods mean values 
were used. 

Sickle-cell haemoglobin (Hb S). Samples of blood were 
obtained from two patients suffering from sickle-cell 
anaemia. Solutions of carboxyhaemoglobin were prepared 
as described above. 


Analytical methods 

The method and apparatus used for the titrations with 
phenylmercuric hydroxide, the dropping-mercury electrode 
being used, were described by Allison & Cecil (1958). 
In that work a potential of —0-5v versus the saturated- 
calomel electrode was used for the titrations. It has since 
been found that a potential of —1-1v can be used with 
advantage. At this potential, current due to both the 
reduction waves of phenylmercuric hydroxide, instead of 
only the first, is recorded (see Benesch & Benesch, 1951) 
and the slope of the excess of reagent line is therefore 
greater. 


RESULTS 


Human foetal haemoglobin. The results show a 
considerable variation in the SH-group content of 
the different samples. In order to make sure that 
this variation is a true property of the haemo- 
globins, titrations were carried out under a range of 
conditions with both the native and denatured 
proteins. Two buffers were used, 0-25mM-NH,Cl-aq. 
0-25M-NH, soln. and 0-025mM-Na,B,0,—0-25m-KCl. 
Both buffers were used with concentrations of 
sodium sulphite from zero to 0-15m and of sodium 
thiosulphate from zero to 0-05. 
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Both these substances form complexes with 
phenylmercurie hydroxide which are reducible at 
the dropping-mercury electrode. Constant titres 
over a range of concentration indicate that all the 
phenylmercurie hydroxide, except that bound as 
mercaptide, is either free or bound as a sulphite 
complex. This is necessary if the titrations are to 
give a true measure of the SH-group content of the 
protein. 

Sulphite reacts with disulphide bonds and thio- 
sulphate does not. If the same titres are obtained 
in the presence of each substance it is evidence that 
there are no disulphide bonds present. 

Denaturation was effected by the addition of 
sodium dodecyl] sulphate at a molar concentration 
of approximately 400 times that of the protein. 

That the same results were obtained from any 
one sample under these different conditions shows 
that the variations are due to differences in the 
samples of Hb F and not to the conditions of 
titration. 

The results obtained are summarized in Table 1. 
Whereas the mean figures for the six samples are 
2-0 SH groups/mole for the native protein and 
4-2 SH groups/mole for the denatured protein, the 
values range from 1-8 to 2-2 and 3-6 to 4-5 re- 
spectively. No such variation between samples was 
found by Allison & Cecil (1958) for Hb A. 

Sickle-cell haemoglobin. Two samples were used. 
Titrations were carried out in the borate buffer 
only, otherwise the conditions were the same as 
those used for Hb F. The uptake of phenylmercuric 
hydroxide corresponded to 2-2 SH groups/mole in 
the native protein and 6-0 SH groups/mole in the 
denatured protein. This result is the same as that 
obtained by Allison & Cecil (1958) for Hb A. 


DISCUSSION 


The tendency of silver nitrate titrations to give 
high results for the SH-group content of haemo- 
globins was discussed by Allison & Cecil (1958). 


Table 1. SH-groups content of human foetal haemoglobin 


a, Spectroscopic method; b, alkaline denaturation method. 


Percentage of Hb F 





Sonia ec ee 
Sample Mean of 
no. a b a and b 

1 70 82 76 

2 66 76 71 

é 70 82 76 

4 82 70 76 

5 75 73 74 

6 81 75 78 


Denatured protein 


Native protein 
(SH groups/mole) 
A 


(SH groups/mole) 
_ cxncercetnemee _ 


Calc. for 


7 


Calc. for 
Observed 100% HbF Observed 100% HbF 

2-0 1-9 4-9 46 
2:1 2-1 4-9 4-5 

2-1 2-1 4:5 4-0 
2-0 1-9 4-4 3-9 

1-9 1-8 4-2 3-6 

2-2 2-2 4:8 4:5 

Mean 2-0 4-2 
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Many silver mercaptides form stable complexes 
with additional silver ion. In such cases titrations 
interpreted on a one silver atom to one sulphur 
atom basis give too high a value for the number of 
SH groups present. A detailed discussion of the 
various methods of estimating SH groups is given 
by Cecil & McPhee (1960). 

Foetal haemoglobin. The variation in the SH- 
group content of different samples of Hb F (1-8—2-2 
for the native protein and 3-6—4-5 for the denatured 
protein) is much greater than that found by Allison 
& Cecil (1958) for Hb A and that now found for 
HbS. Part of this variation could be due to the 
insensitivity of the methods for estimating the 
proportion of Hb F in mixtures, the probable 
accuracy of which is +7% in the range used. 
Errors from this source, however, are insufficient to 
account for all the variations observed. 

Another possibility is that there are two forms of 
Hb F which are replaced independently, i.e. at 
different rates, by Hb A. Heterogeneity of Hb F 
has been reported by Roche, Derrien & Roques 
(1952). Further work is necessary to establish the 
existence of independently synthesized foetal- 
haemoglobin components and to ascertain whether 
they have different SH-group contents. This will be 
difficult technically since most fractionation pro- 
cedures are likely to result in some denaturation 
and some oxidation. 

The suggestion of Hommes e¢ al. (1958) that the 
molecule consists of two polypeptide chains joined 
by one disulphide bond is not substantiated by the 
present work, since no evidence could be found 
for the existence of any disulphide. Nor have 
disulphide bonds been reported in any other 
haemoglobins. However, other explanations are 
possible. 

It has been shown by Gutter, Sober & Peterson 
(1956) that Hb A and horse haemoglobin are dis- 
sociated not only by urea but also by 2-mercapto- 
ethanol. Urea is presumed to act in such circum- 
stances by competitive breaking of the N-H-N and 
N-H-O hydrogen bonds in the proteins. The effect 
of 2-mercaptoethanol in dissociating these haemo- 
globins suggests a similar effect and implies that 
some at least of the SH groups may be involved in 
some form of labile interchain bond. The observa- 
tion of Hommes e¢ al. (1958) on the effect of 
thioglycollic acid in causing Hb F to dissociate 
into two components could be explained in the 
same way. 

The supposition that Hb F consists of only two 
polypeptide chains was based on the observations 
of Porter & Sanger (1948) and Huisman & Drink- 
waard (1955) that there are two valyl end groups. 
Since then Schroeder & Matsuda (1958) have 
shown that there are in fact four N-terminal 
groups, two valyl and two glycyl. Thus Hb F 
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falls into line with the other mammalian haemo- 
globins that have been studied in having four 
haem groups, four polypeptide chains and no 
disulphide bonds. 

Hunt (1959) has shown that the « chains in Hb A 
and Hb F are identical. Since Hill & Craig (1959) 
have shown, by amino acid analysis, that the 
« chains contain one SH group it follows that the 
y chain in Hb F must also contain one SH group. 
The four SH groups in Hb F are therefore likely to 
be distributed symmetrically between the four 
chains. 

Sickle-cell haemoglobin. Although the results 
obtained by other workers have shown considerable 
variation they have generally been the same as 
those obtained with Hb A. This work confirms that 
they have the same SH-group content. 

Murayama (1957) found that the titre with silver 
nitrate fell as the temperature was raised (four 
atoms of silver per mole at 0° and 1-9 at 38°). His 
results with p-chloromercuribenzoate, although 
different from those of the present work, were the 
same at both temperatures. This, together with the 
fact that his silver titrations are high at 0°, suggests 
that the explanation lies not in difference in SH- 
group content between HbS and Hb A but in an 
increase in the dissociation constant of the silver 
mercaptide-silver ion complex with increasing 
temperature. 

The only difference so far observed between Hb 8 
and HbA is the substitution of two glutamyl 
residues in Hb A for two valyl residues in HbS 
(Ingram, 19576, 1958; Hunt & Ingram, 1958). The 
action of SH-group reagents in preventing sickling 
cannot be ascribed to a difference in SH-group 
content between HbS and Hb A. However, the 
fact that there is so small a difference in the con- 
stitution of the two proteins suggests that the 
steric effect of substitution of the SH groups might 
be sufficient to prevent sickling (see Allison, 1957). 


SUMMARY 


1. The SH-group contents of human foetal and 
sickle-cell haemoglobins have been determined by 
amperometric titration with phenyl mercuric 
hydroxide. 

2. Some variation was found in the SH-group 
content of different samples of foetal haemoglobin. 
The mean values from six samples was 2-0 SH 
groups per mole in the native protein and 4:2 SH 
groups per mole in the denatured protein. Possible 
reasons for this variation are discussed. 

3. Sickle-cell haemoglobin was found to have the 
same SH-group content as normal human adult 
haemoglobin, namely 2-2 SH groups per mole in the 
native protein and 6-0 SH groups per mole in the 
denatured protein. 
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The Relationship between the Synthesis of Protein and the 
Synthesis of Ribonucleic Acid in the Connective-Tissue Cell 


By H. HARRIS 
Sir William Dunn School of Pathology, University of Oxford 


(Received 5 August 1959) 


In a previous paper (Harris, 1959) the use of quanti- 
tative radioautographic techniques for the study of 
ribonucleic acid turnover in the nucleus and cyto- 
plasm of animal cells was described. These tech- 
niques were used in the present experiments to 
examine some aspects of the relationship between 
the synthesis of ribonucleic acid and the synthesis 
of protein in the connective-tissue cell of the rat. 
The synthesis of protein was measured by the 
incorporation of tritium-labelled valine and methio- 
nine, the synthesis of ribonucleic acid by the in- 
corporation of tritium-labelled adenosine and 
cytidine. The cells were cultivated in media con- 
taining f§-2-thienylalanine and 8-azaguanine and 
the effect of these compounds on the rates of syn- 
thesis of both nuclear and cytpolasmic ribonucleic 
acid and protein were measured. 


{Xx PERIMENTAL 


The connective-tissue cells were obtained from the hearts 
of 5-day-old rats and were cultivated as dissociated cells in 
small coverslip chambers (Harris, 1955a,b, 1956). The 


culture medium consisted of 80% (v/v) of Eagle’s soln. 
(Eagle, Oyama, Levy, Horton & Fleischman, 1956) and 
20% (v/v) of bovine serum which had been dialysed for 
18 hr. against an excess of 0-85% NaCl soln. When f-2- 
thienylalanine was added to the medium, phenylalanine 
was omitted from the Eagle’s soln. The f-2-thienylalanine 
was added to make a final concentration of 5 mm, the 8- 
azaguanine to make a final concentration of 2 mm. 

The tritium-labelled adenosine, cytidine, thymidine and 
valine were used at a concentration of 5 wc/ml. of medium; 
the tritium-labelled methionine was used at a concentra- 
tion of 1c/ml. The tritium-labelled adenosine, cytidine 
and thymidine were obtained from Schwarz Laboratories 
Inc., Mt. Vernon, N.Y., U.S.A., and had specific activities 
of 1-0, 0-36 and 1-9c/m-mole respectively. These com- 
pounds were labelled in the purine or pyrimidine ring. 
Tritium-labelled methionine was obtained from The 
Radiochemical Centre, Amersham, Bucks.; this compound 
was generally labelled and had a specific activity of 
28 mc/m-mole. Tritium-labelled valine was prepared by 
an exchange reaction between tritium gas and the vapour 
of the ethyl ester of valine on a platinized platinum 
electrode at 50°. The tritium gas was obtained from the 
Atomic Energy Research Establishment, Harwell, and 
contained a maximum of 95% of tritium in hydrogen. The 
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method used was essentially that described by Farkas & 
Farkas (1937). The tritium-labelled ester was hydrolysed 
and the valine was isolated and purified by paper chro- 
matography. The specific activity of the purified valine was 
1-5c/m-mole. All the tritium-labelled compounds used 
were free of readily exchangeable tritium. 

The technique of preparing radioautographs of the fixed 
cells and of measuring by grain counts the amount of 
radioactive precursor incorporated into the nucleus and the 
cytoplasm has been described (Harris, 1959). Cells not in 
the phase of deoxyribonucleic acid (DNA) synthesis were 
selected for study; these could be distinguished from those 
in the phase of DNA synthesis by their failure to incorpor- 
ate tritium-labelled thymidine (Harris, 1959). In cells not 
in the phase of DNA synthesis labelled adenosine or 
cytidine which was incorporated into material insoluble in 
0-3N-trichloroacetic acid at 0° was considered to have been 
incorporated into ribonucleic acid (RNA). Labelled valine 
or methionine which was incorporated into material in- 
soluble in 0-3N-trichloroacetic acid at 90° was considered 
to have been incorporated into protein (Harris & Watts, 
1958). 

Fourteen chambers containing comparable populations 
of cells were used for each experiment. Pre-warmed 
medium containing tritium-labelled adenosine and thym- 
idine was introduced into one chamber, and similar medium 
containing tritium-labelled valine and thymidine into 
another. The cells were incubated in the radioactive media 
for 20 min. and then fixed in methanol. Medium containing 
B-2-thienylalanine was then introduced into the other 12 
chambers. At intervals of 2hr. medium containing 
thienylalanine together with tritium-labelled adenosine 
and thymidine was introduced into one chamber and 
similar medium containing tritium-labelled valine and 
thymidine into another; the cells were again fixed after 
incubation for 20 min. The fixed cells were extracted with 
0-3N-trichloroacetic acid at 0°, washed under running 
water and then dried. Radioautographs of the preparations 
were made by the technique previously described, and the 
cells were stained through the emulsion with nuclear fast 
red (Harris, 1959). Similar experiments were carried out 
with tritium-labelled cytidine and methionine, and the 
whole series was repeated with 8-azaguanine instead of 
B-2-thienylalanine. 

The radioautographs were exposed for periods from 4 to 
16 days, depending on the nature and specific activity of 
the radioactive precursor. The exposure time was adjusted 


EXPLANATION OF PLATE 3 


(a) Radioautograph of a connective-tissue cell, not in the 
phase of DNA synthesis, which was incubated for 
20 min. in medium containing tritium-labelled adenosine. 
The nucleus is more heavily labelled than the cytoplasm. 


(6) Radioautograph of a connective-tissue cell, not in the 
phase of DNA synthesis, which was incubated for 20 min. 
in medium containing tritium-labelled valine. The 
nucleus as a whole is not more heavily labelled than the 
cytoplasm, although there is rather heavy labelling over 
the nucleoli. 


For purposes of illustration these radioautographs 
were exposed for a longer period than was suitable for 
grain counting. Magnification x 1400. 
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to give grain densities suitable for counting. Forty cells not 
in the phase of DNA synthesis were selected in each pre- 
paration and the number of grains over the nucleus and the 
cytoplasm counted. It had previously been shown that 
with a sample of 40 cells, the standard error of the mean 
number of grains over the nucleus or the cytoplasm was 
less than 10% of the mean (Harris, 1959). 

The number of grains over each cell was a measure of the 
amount of radioactive precursor incorporated during the 
20 min. period of incubation. Differences in the number of 
grains over the nucleus or the cytoplasm from one 20 min. 
period to another thus reflected changes in the rate of in- 
corporation of the precursor into the nucleus or cytoplasm. 
Since the specific activities of the precursors and the length 
of exposure of the radioautographs varied, no comparison 
could be made between the absolute rates of incorporation 
of one precursor and another; but changes in the rate of 
incorporation of one precursor could be compared with 
changes in the rate of incorporation of another. It was 
therefore possible to measure the effects of B-2-thienyl- 
alanine and 8-azaguanine on the rate of incorporation of 
precursors into RNA and compare these with similar 
measurements on the rate of incorporation of precursors 
into protein. Since only changes in rate were compared, 
the results were plotted on an arbitrary logarithmic scale 
with all the controls, that is, the rates at which the pre- 
cursors were incorporated in the absence of thienylalanine 
or azaguanine, set at the same level. 


RESULTS 


Incorporation of precursors into protein 
and ribonucleic acid 


Plate 3 (a) shows a radioautograph of a cell, not in 
the phase of DNA synthesis, which had been incu- 
bated for 20 min. in medium containing tritium- 
labelled adenosine. Plate 3(b) shows a radio- 
autograph of a similar cell which had been incu- 
bated for 20 min. in medium containing tritium- 
labelled valine. In the cell exposed to tritium- 
labelled adenosine the nucleus is more heavily 
labelled than the cytoplasm, indicating that more 
adenosine was incorporated into nuclear RNA 
during the 20 min. period than into cytoplasmic 
RNA (Harris, 1959). In the cell exposed to tritium- 
labelled valine, the nucleus as a whole is not more 
heavily labelled than the cytoplasm, although 
there is rather heavy labelling over the nucleoli. 
Grain counts indicate that the ratio of the amount 
of adenosine incorporated into nuclear RNA to the 
amount incorporated into cytoplasmic RNA is 
about 6:4; the ratio of the amount of valine in- 
corporated into nuclear protein to the amount in- 
corporated into cytoplasmic protein is about 1:4. 
With tritium-labelled cytidine the distribution of 
radioactivity between nucleus and cytoplasm was 
essentially similar to that obtained with labelled 
adenosine, although, as mentioned in the previous 
paper (Harris, 1959), the nucleoli were more heavily 
labelled with cytidine than with adenosine. The 
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results with labelled methionine were similar to 
those with labelled valine. It is therefore clear that 
there is no simple relationship between the rate of 
incorporation of nucleosides into RNA and the rate 
of incorporation of amino acids into protein, which 
holds good for both nucleus and cytoplasm: the 
ratio of the amount of nucleoside incorporated to 
the amount of amino acid incorporated is about six 
times as high in the nucleus as in the cytoplasm. 


Effect of B-2-thienylalanine 


Over a period of 12 hr., which is less than half the 
mean generation time of the connective-tissue cells 
grown under the present conditions, 5 mM-f-2- 
thienylalanine produced no change in the rate of 
incorporation of labelled valine or labelled methio- 
nine into nuclear or cytoplasmic protein. But the 
incorporation of labelled adenosine and cytidine 
into cytoplasmic RNA was rapidly suppressed, 
and there was a gradual fall in the rate of incorpor- 
ation of these compounds into nuclear RNA. At 
the end of 12hr. the rate of cytoplasmic RNA 
synthesis, as measured by incorporation of nucleo- 
sides, had fallen to about 10% of the control value 
and the rate of nuclear RNA synthesis to about 
50 % of the control value. These results are shown 
in Fig. 1. 
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Time after introduction of thienylalanine (hr.) 


Fig. 1. Effect of 5 mm-B-2-thienylalanine on the rate of 
incorporation of tritium-labelled adenosine into RNA 
and tritium-labelled valine into protein. A, Incorpora- 
tion of adenosine into nuclear RNA; @, incorporation of 
adenosine into cytoplasmic RNA; A, incorporation of 
valine into nuclear protein; ©, incorporation of valine 
into cytoplasmic protein. 
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Effect of 8-azaguanine 

This is shown in Fig. 2. The results were essenti- 
ally similar to those obtained with thienylalanine, 
although with azaguanine there was some inhibi- 
tion of protein synthesis. The fall in the rate of 
protein synthesis was not large, and, within the 
limits of experimental error, there was no difference 
between nucleus and cytoplasm. The rate of cyto- 
plasmic RNA synthesis fell much more rapidly than 
the rate of nuclear RNA synthesis: at the end of 
12 hr. the former was about 10% of the control 
value, the latter about 50%. The results obtained 
with cytidine and methionine were again similar to 
those obtained with adenosine and valine. 


DISCUSSION 


The present findings show that there is no man- 
datory coupling between the synthesis of protein 
and the synthesis of ribonucleic acid, at least in so 
far as mandatory coupling implies a constant re- 
lationship between the overall rate of the one pro- 
cess and the overall rate of the other. It is possible 
to reduce the rate of RNA synthesis in the cyto- 
plasm to about 10% of the normal value, and in the 
nucleus to about 50 % of the normal value, without 
affecting the rate of protein synthesis. These 
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Fig. 2. Effect of 2 mm-8-azaguanine on the rate of in- 
corporation of tritium-labelled adenosine into RNA and 
tritium-labelled valine into protein. A, Incorporation of 
adenosine into nuclear RNA; @, incorporation of adeno- 
sine into cytoplasmic RNA; A, incorporation of valine 
into nuclear protein; O, incorporation of valine into 
cytoplasmic protein. 
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results do not, however, exclude the possibility that 
there might be coupling between the synthesis of 
certain proteins and the synthesis of some particular 
fraction of the ribonucleic acid. 

Whether protein synthesis can be suppressed 
without affecting RNA synthesis remains unde- 
cided, since the amino acid analogue, somewhat 
paradoxically, inhibited RNA synthesis much more 
readily than protein synthesis. Both thienylalanine 
and azaguanine suppressed cytoplasmic RNA 
synthesis more rapidly than nuclear RNA syn- 
thesis, thus indicating that there is no rigid 
coupling between these two processes either. No 
dissociation of nuclear from cytoplasmic protein 
synthesis was observed: thienylalanine produced 
no change in the rate of either nuclear or cyto- 
plasmic synthesis over 12hr., and azaguanine 
reduced the rate of synthesis in nucleus and cyto- 
plasm to about the same extent. 


SUMMARY 


1. Radioautographic methods were used to 
study the effect of f-2-thienylalanine and 8- 
azaguanine on the synthesis of protein and ribo- 
nucleic acid in the nucleus and cytoplasm of the rat 
connective-tissue cell. 

2. With f-2-thienylalanine it was possible to 


AND RIBONUCLEIC ACID 279 


reduce the rate of ribonucleic acid synthesis in the 
cytoplasm to about 10% of the normal value, and 
in the nucleus to about 50% of the normal value, 
without affecting either nuclear or cytoplasmic 
protein synthesis. 

3. With both f-2-thienylalanine and 8-azagua- 
nine, cytoplasmic ribonucleic acid synthesis was 
much more rapidly suppressed than nuclear ribo- 
nucleic acid synthesis. 

4. The results indicate that there is no man- 
datory coupling between the synthesis of ribo- 
nucleic acid and the synthesis of protein, as 
measured by the overall rates of the two processes, 
either in the nucleus or in the cytoplasm. 
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The Purification of Human Caeruloplasmin 
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Almost all of the copper in plasma is bound to a 
single protein. Holmberg & Laurell (1948) isolated 
a cuproprotein from porcine and human plasma, 
and because of its blue colour they called it 
caeruloplasmin. It had a molecular weight of about 
151 000 and contained 0-34% of copper, which 
corresponded to eight atoms of copper per mole- 
cule. Like a number of other copper—proteins, it is 
an enzyme, having oxidase activity, though its 
physiological substrates, if any, are unknown. In 
Holmberg & Laurell’s method of preparation (1948) 
caeruloplasmin was precipitated from serum with 
the globulin fraction by ammonium sulphate, dis- 
solved in water and dialysed. Some impurities 
were precipitated at pH 6-2 and 5-5 and other 
impurities by two treatments with 50% alcohol— 
chloroform at room temperature; caeruloplasmin 


was extracted with sodium chloride solution from 
the resulting precipitate, which was mostly de- 
natured protein. Details of percentage yields were 
not given. Scheinberg & Morell (1957) used caerulo- 
plasmin prepared from Cohn’s fraction IV by 
methanol-chloroform fractionation, but details of 
the method were not given. Most published work 
on caeruloplasmin has been related to various 
disease processes. There is little published on the 
structure and properties of caeruloplasmin, mainly 
because of the labour and difficulties in preparing 
purified material in sufficient quantity. Recent 
interest in caeruloplasmin has been concerned with 
its deficiency in hepatolenticular degeneration 
1959) and its possible 
(e.g. Melander, 


(reviewed by Cumings, 


significance in mental disease 


1960). 
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Recently, the preparation of caeruloplasmin of 
unspecified purity was briefly described by 
Hjerten (1959), who used chromatography on 
hydroxylapatite and by Steinbuch & Quentin 
(1959) who used protein precipitation by 6:9- 
diamino-2-ethoxyacridine (Rivanol). 

A method of preparing caeruloplasmin from the 
G2 fraction, consisting mainly of «- and B-globulin, 
which is obtained in the fractionation of plasma 
by the method of Kekwick & Mackay (1954) is 
described in this paper. It entails extraction with 
sodium chloride solution, denaturation of lipo- 
proteins and precipitation by ether at pH 4-8 and 
at pH 5-4. This is followed by fractional precipita- 
tion at low salt concentrations and anion-exchange 
chromatography on _ diethylaminoethylcellulose. 
As the method does not require dialysis in the 
early stages, when volumes are large, it is particu- 
larly suitable for application on a large scale. A 
preliminary account has already been published 
(Curzon & Vallet, 1959). 


EXPERIMENTAL 


In the initial large-scale stages, special washing of apparatus 
to prevent contamination by copper was impracticable. In 
the chromatographic experiments and in the determination 
of oxidase activity and copper content the apparatus was 
washed in chromic oxide-sulphuric acid, following by 
water, 30% (v/v) hydrochloric acid, water and ion- 
exchange resin-purified water (Elgastat deionizer; Elga 
Ltd., London, S.W. 19). All solutions were made with ion- 
exchange resin-purified water, except in the earlier large- 
scale stages in which once-distilled water was used. 

Determination of protein. Rough protein estimations were 
made with £, ,,,, at 280 mu. Triplicate N determinations by 
amicro-K jeldahl method were done on some of the fractions. 

Determination of pH. This was done with a 23 A pH meter 
(E.1L.L., Richmond, Surrey). 

Determination of caeruloplasmin. (a) Oxidase-activity 
method. Caeruloplasmin oxidizes p-pkenylenediamine 
and related substances to coloured products. Methods of 
estimation using this property are briefly described by 
Akerfeldt (1957), Houchin (1958) and other workers. Our 
method is a modification of one briefly described by Curzon 
(1958). 

A freshly prepared 1-7 mm solution of N-dimethyl-p- 
phenylenediamine (DPD) in the form of the oxalate salt 
was made and held at 37°. Water (1 ml.) and 1 ml. of a 
suitable dilution of the test material in 0-1 M-sodium 
chloride was added to 2 ml. of 0-2M-sodium acetate buffer, 
pH 5-50, and incubated for 5min. at 37°. A portion 
(1 ml.) of the DPD solution was then added to the test 
mixture and the purplish-red colour allowed to develop for 
15min. A blank was run with I ml. of 0-1M-sodium 
chloride instead of 1 ml. of the test solution. Reaction was 
stopped by adding 2 ml. of ice-cold 0-3 mm-sodium azide, 
freshly prepared from a stock 10 mm solution kept at 4°. 
Es em, Was read at 550 mp. When the activity of plasma or 
of the more impure fractions was being measured; EF, om, 
decreased after addition of azide and readings were taken at 
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4, 6, 8 and 10 min. and extrapolated to zero time. With the 
purer fractions this was not necessary, HE varying by less 
than 3% during 30 min. after addition of the azide. When 
activity was determined in plasma, an azide solution in 
10% sodium chloride was used to clear a slight turbidity 
which developed during incubation. With purified material 
there was a linear relationship between FZ, ..,, and amount 
of caeruloplasmin for values up to £,,,, 0-5. Duplicate 
determinations varied from their mean by an average of 
+1%. A unit of activity was arbitrarily defined as the 


activity of an amount of caeruloplasmin giving an £, ,,,, of 


0-10 under the above conditions. 

(b) Determination with F, ,,,, at 605 mp. Caeruloplasmin 
absorbs in the visible range with a peak at 605 mu. 
Addition of potassium cyanide causes fading of the colour. 
The difference between LZ, ,,,. at 605 mp before and after 
addition of potassium cyanide was used to determine the 
caeruloplasmin (Scheinberg, Morell, Harris & Berger, 
1957). This procedure was found useful for estimation of the 
caeruloplasmin content of the purer fractions. The method 
is less sensitive than the oxidase estimation but is less 
affected by foreign substances. The ratio of the difference 


between EF, ., at 605 my, before and after addition of 
potassium cyanide, to FZ, ,,,, at 280 my gives an estimate of 


caeruloplasmin purity in relation to protein content. 

Determination of copper. (a) Total copper. To determine 
copper it is necessary first to break the caeruloplasmin 
copper bonds. A volume (3 ml.) of a solution containing 
about 4g. of total copper was heated in a boiling-water 
bath for 5 min. After cooling, 1 ml. of aq. 30% (w/v) tri- 
chloroacetic acid was added and the mixture heated as 
before. After cooling, the precipitate was centrifuged and 
extracted with 2 ml. of 15% (w/v) trichloroacetic acid, and 
the solution was heated again for 5 min. in boiling water. 
The supernatant after centrifuging was added to the first 
trichloroacetic acid supernatant and copper determined by 
the biscyclohexanone oxalyldihydrazone method of Peterson 
& Bollier (1955). 

(b) Non-caeruloplasmin copper. This was determined by 
the method of Scheinberg & Morell (1957). 

Preparative procedures. The preparation was carried out 
in a cold room at 4° except where otherwise stated. The 
precipitation vessels and general methods of handling were 
similar to those described by Kekwick & Mackay (1954). 
Fraction V was purified on anion-exchange columns with 
diethylaminoethylcellulose (DEAE, Kodak Ltd). Columns 
were prepared as described by Sober, Gutter, Wyckoff & 
Peterson (1956) except that sodium acetate buffers were 
used instead of sodium phosphate buffers. The columns were 
run at room temperature. Before material was applied. 
it was dialysed against the starting buffer. Salt and 
pH gradients in the concentration of the eluting buffer 
were established, by means of a magnetically stirred, 
constant-volume mixing chamber, except in the run with 
hydroxylapatite, when an apparatus giving a linear 
gradient was used (Broman, 1958). Eluate fraction 
volumes were roughly controlled by a photoelectric drop 
counter. The protein content of eluate fractions was esti- 
mated by FE, om, at 280 mp and caeruloplasmin by FZ, 1. 
at 605 my. Pooled eluate fractions were concentrated when 
necessary by ultrafiltration, with filtration shells (Mem- 
branfiltergesellschaft-Sartorius-Werke, A. G. Gottingen). 
Though ultrafiltration and dialysis of eluted material took 
5-6 days no significant decrease of purity occurred. 
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METHODS AND RESULTS 
Method of caeruloplasmin purification 


The stages in the purification are as follows: 
(1) Extraction of caeruloplasmin from G2 by 


0-07m-sodium chloride at pH 7-0, dissociation of 


extracted lipoprotein by the method of McFarlane 
(1942) and precipitation of contaminant protein by 
excess of ether. 

(2) Precipitation of caeruloplasmin at pH 4:8. 

(3) Precipitation of impurities at pH 5-35 and a 
second extraction by the McFarlane method. 

(4) Reprecipitation of caeruloplasmin at pH 4:8. 

(5) Fractional precipitation by decreasing salt 
concentration. 

(6) Purification on a DEAE column. 

Ether was used in many of the stages to de- 
crease protein solubility. Stages (2) and (4) result 
in concentration rather than purification of caerulo- 
plasmin. They are necessary to reduce working 
volumes in the large-scale work described here but 
presumably could be omitted in smaller-scale work. 
Recovery and purification data from stages (1)—(5) 
of two fractionations are summarized in Table 1. 
In practice, batches of G2 from 47-1921. of 
citrated plasma were used. For convenience, the 
purification of caeruloplasmin from 100 1. batches is 
described. 

Fraction G2 of plasma. This fraction, which is 
obtained from the plasma of freshly collected blood, 
is @ greasy greenish-yellow precipitate, contains 
about 14% of the total nitrogen of the plasma and 
is rich in lipoprotein. Aqueous suspensions of G2 
have pH about 5. The citrated plasma used for the 
preparation of G2 had an apparent oxidase activity 
of 10-4 units/ml. of citrated plasma (average of 
three batches). Activity was decreased in the 
presence of citrate. Corrected for the effect of the 
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amount of citrate present, the activity of the plasma 
was about 14 units/ml. 

Stage 1: extraction of caeruloplasmin from G2 by 
sodium chloride solution at pH 7-0. Caeruloplasmin 
was extracted from the G2 precipitate by sodium 
chloride solutions. More active material is ex- 
tracted at pH 7-0 than at pH 5-0, though the 
amount of contaminating protein is rather greater 
at pH 7-0. The sodium chloride extracts were thick 
suspensions which separated extremely poorly. 
They could be clarified by filtration through 
graded series of filter pads with Hyflo-Supercel 
(Johns-Manville Co. Ltd.), but the process was 
very time-consuming. Difficulties in clarification 
were mainly due to the large amount of suspended 
lipoprotein present. Freezing below — 25° in the 
presence of excess of ether (McFarlane, 1942) was 
used to dissociate the lipoprotein, much contami- 
nant protein also being precipitated by the excess 
of ether. 

About 3-41. of G2 precipitate (obtained from 
1001. of citrated plasma equivalent to 711. of 
undiluted plasma) was suspended in 18 1. of 0-07m- 
sodium chloride. The pH of the suspension was 
brought from 5-10 to 6-97 by slowly adding 280 ml. 
of 0-5m-sodium hydroxide over 2 hr. The suspen- 
sion was poured into Winchester bottles, shaken 
well with 0-5 vol. of ether and frozen below — 25°. 
After thawing, the clear-orange upper ethereal 
layer was removed by suction and discarded and the 
slightly cloudy-green aqueous layer (fraction I) 
drawn off from beneath the poorly packed de- 
natured lipoprotein layer at the ether—water inter- 
face. Attempts were made to pack the denatured 
material more tightly and thus to recover caerulo- 
plasmin from it. A tighter pack was obtained at 
slightly acid pH, below 6-1, but much of the 
activity remained in it. At pH 6-1 an amount of 


Table 1. Stages in the partial purification of caeruloplasmin 


Results of two separate purifications are given. The citrated plasma from which G2 was obtained had an oxidase 
activity of 1400 x 10* units (corrected)/100 1. and a Cu/N ratio of 0-10 wg./mg. 


10-3 x Total 


Vol. oxidase activity Activity/ml. Cu (ug-/mg.) 
Fraction (1.) (units) Eien, (280mp) N*™ ” 

I. Ether-treated NaCl extract of G2 from (i) 14-6 414 2-7 - 
100 1. of citrated plasma (ii) 16-6 543 2-8 0-9 

Il. pH 4-8 ppt. (i) 1-62 389 3-5 _ 
(ii) 3-08 445 — 

III. pH 5-35 supernatant (i) 4:44 364 9-7 _ 
(ii) 4°51 368 8-5 on 

IV. Second pH 4:8 ppt. (i) 0-74 304 9-9 _ 
(ii) 4-00 245 ~~ 

V. 0-045m-NaCl ppt. in NaCl-sodium acetate (i) 0-13 194 21-0 — 
(ii) 0-153 147 23-5 — 

V. Above fraction dialysed against (i) 0-156 156 18-5 _- 
0-1m-NaCl (ii) 0-149 165 22-9 9-4 
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active material equivalent to 10% of that present 
in fraction I remained in solution after centrifuging 
but was much contaminated with other proteins. 
[It was accordingly decided to use fraction I alone. 

Stage 2: precipitation of caeruloplasmin at pH 4-8. 
Fraction I was brought to pH 4-8 by the addition of 
M-acetic acid with stirring over a 2 hr. period at a 
temperature between 0° and —2°. After stirring 
for a further 1 hr. and standing overnight at — 2° 
the almost clear supernatant was discarded, and 
the pale-blue sludge packed by centrifuging at — 2° 
for 1 hr. at 500 g. The precipitate was washed with 
15 vol. of 4mm-sodium acetate buffer, pH 4-8, 
saturated with ether at 4°, and again centrifuged. 
The packed precipitate had a volume of about 
500 ml. and was dissolved in 11. of 0-1M-sodium 
chloride (fraction IT). 

Stage 3: precipitation of impurities at pH 5-35. 
Tests showed that much contaminating material 
was precipitated from fraction Il saturated with 
ether at pH 5-35. Residual lipoprotein not pre- 
cipitated by the first treatment with ether below 
— 25° would tend to be precipitated under these 
conditions, almost all plasma lipoproteins having 
an isoelectric point in the range pH 5-3—5-4. 

The ether-saturated material was frozen 
below to remove from residual 
traces of lipoprotein, susceptible to this treatment, 
that had come through the first stage. 

Fraction II, a deep-blue solution, was adjusted 
to pH 5:35 by adding 90ml. of 0-1M-sodium 
hydroxide slowly with stirring during 45 min. 
Ether (to 45%, v/v) was added and, after shaking 
well, the material was stored overnight below — 25°. 
After thawing, the mixture was centrifuged at 0° 
for l hr. at 500g. The clear ether layer was dis- 
carded and the cloudy-blue solution drawn off by 
suction from beneath a thick blue layer. The solu- 
tion was filtered through a FCB pad (T. B. Ford 
Ltd.) with Hyflo-Supercel, the pad was washed with 
0-1m-sodium chloride adjusted to pH 5-35 with 
acetic acid, until the washings were no longer 
appreciably blue, and the washings added to the 
filtrate, the resultant solution being designated 
filtrate A. The loosely packed thick-blue layer had 


also 


— 25° 


solution 
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a volume of 520ml. To it were added 2-31. of 
0:32m-sodium chloride saturated with ether (the 
final sodium chloride molarity being about 0-28m) 
and the suspension was stirred for 30 min. After 
centrifuging at 4° for 45 min. at 800 g, the cloudy- 
blue supernatant was mixed to a thin paste with 
Hyflo-Supercel and filtered through a FCB pad. 
The pad was slowly washed with 0-28m-sodium 
chloride—0-01M-sodium acetate buffer, pH 5-4, 
saturated with ether, until the washings were no 
longer appreciably blue. The filtrate and washings 
were bulked with filtrate A to give fraction ITT. 

Stage 4: reprecipitation of caeruloplasmin at 
pH 4-8. To the whole of fraction III saturated with 
ether was added 10-7 1. of water, with stirring, to 
bring the sodium chloride molarity to about 
0-07m. The resulting solution was then saturated 
with ether at 4° and placed in a cooling bath at 0° 
to —2°; 25ml. of mM-acetic acid was added with 
stirring for 2 hr. to bring the pH to 4-8. The precipi- 
tate was centrifuged and washed as in the first 
pH 4:8 precipitation and taken up in 340 ml. of 
0-I1m-sodium chloride. The turbid-blue solution 
was partly cleared by filtration under pressure, 
through a FCB pad with Hyflo-Supercel. After 
filtration, the pad was washed with 0-1M-sodium 
chloride until the washings were no longer blue. 
The molarity of the sodium chloride in the filtrate, 
after addition of the washings of the filter, was 
about 0-086. This solution (fraction IV) was deep 
blue and pH 4-9. 

Stage 5: fractional precipitation by decreasing salt 
concentration. It was noticed that when water was 
added to a small sample of fraction IV a pale-blue 
precipitate appeared. After centrifuging this and 
adding more water to the supernatant a strong- 
blue precipitate appeared. This suggested the 
possibility of further purification by fractional 
precipitation at decreasing salt concentrations. An 
experiment on a small sample of fraction IV 
(Table 2) showed that this was in fact so and 
indicated suitable conditions for further purifica- 
tion. 

The whole of fraction IV was brought to about 
0:02m-sodium chloride by the addition, with 


Table 2. Fractional precipitation of fraction IV at decreasing salt concentrations 


Approx. concn. 


of NaCl Total Activity/1 ml. 

(m) activity* Es em, (280 mp) 
(a) Fraction IV (10 ml.) 0-085 4540 9-9 
(b) Fraction IV (10 ml.) +20 ml. of water — ppt. 1 0-028 605 4-7 
(c) Supernatant from ppt. 1 +20 ml. of water — ppt. 2 0-017 1280 12-1 
(d) Supernatant from ppt. 2 +50 ml. of water — ppt. 3 0-0085 1560 20-4 
(e) Supernatant from ppt. 3 +100 ml. of water — ppt. 4 0-0042 420 21-7 
(f) Supernatant from ppt. 4 (pH 5-0) 880 7-1 


* Activity figures refer to precipitates, except for figures on lines (a) and (f), which refer to the initial solution and final 


supernatant respectively. 
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stirring, of 2-91. of water. Throughout all pro- 
cedures in this section, the pH was not allowed to 
rise above 4-8—4-9, being adjusted when necessary 
by addition of a few drops of M-acetic acid. The 
precipitate was centrifuged at 4° for 25 min. at 
800 g and washed repeatedly with 0-02M-sodium 
chloride, the washings being added to the super- 
natant. Even after repeated washings the pre- 
cipitate was still appreciably blue. More activity 
could be recovered from it by redissolving in 
0-086M-sodium chloride and reprecipitating at 
0-02m-sodium chloride. The supernatant was 
added to the main supernatant and more water 
added to bring to 4-5mmM-sodium chloride. On 
standing overnight almost all of the active material 
of the solution precipitated in a compact layer, 
from which most of the 151. of supernatant was 
drawn off by suction. The precipitate was centri- 
fuged for 30 min. at 800g. An additional 3% of 
active material could be centrifuged from the 20 1. 
of slightly cloudy supernatant under the same con- 
ditions. The bulked precipitates were washed with 


8-0 
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5 vol. of 4-5 mm-sodium chloride, centrifuged down 
and dissolved in as small a volume as possible of 
0-05m-sodium chloride—0-05M-sodiurn acetate. The 
resultant clear, deep-blue solution after dialysis 
against three changes of 0-1mM-sodium chloride 
(fraction V), was pH 5-5. L,.,, (605 mp)/E, on. 
(280 mp) was between 0-016 and 0-022. A typical 
preparation possessed 40-3 pg. of total copper/ml., 
of which 32-6 »g./ml. was caeruloplasmin copper. 
Stage 6: further purification of fraction V by 
chromatography on diethylaminoethylcellulose. Pre- 
liminary batch experiments showed that caerulo- 
plasmin in fraction V was absorbed by DEAE from 
0-05m-sodium acetate buffers of from pH 4-8 to 5-8, 
and eluted by 0-05M-sodium acetate buffers—0-3 m- 
sodium chloride in the same pH range. Columns 
were therefore run under a variety of conditions 
within the above range. A preliminary run with 
gradient from 0-05M-sodium acetate buffer. pH 5-2, 
to 0-05M-sodium acetate buffer (pH 5-2)—0-25m- 
sodium chloride yielded three main protein peaks 
in the eluate, the first with the eluate front. Only 





Fraction no. 


Fig. 1. Effluent diagram of 37 ml. of fraction V on a 42 em. x 2-5 em. DEAE column at room temperature. The DEAE 
was previously equilibrated with 0-05m-sodium acetate buffer (pH 5-7)-0-1m-sodium chloride. Protein was eluted 
with a gradient from this buffer to 0 05Mm-sodium acetate buffer (pH 5-2)—-0-25m-sodium chloride with a 1000 ml. 
mixing chamber. The height of the buffer level above the top of the column was 34 cm. Eluate fractions of about 10 ml. 
were collected. O, Ey om, at 280 my; O, Ey om, at 605 mp. Fractions between broken lines were rechromatographed. 
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the third peak was blue and had DPD oxidase 
activity. There were appreciable quantities of 
protein in all fractions between the second and the 
caeruloplasmin peaks. The results suggested that 
with higher initial ionic strength the peaks of con- 
taminant protein would be eluted together and the 
time necessary for elution of the caeruloplasmin 
peak would be considerably decreased. Also a 
higher initial pH, i.e. one further from the iso- 
electric point of caeruloplasmin, would hold it on 
the column more tightly and thus perhaps facilitate 
its separation from protein eluted between peaks 2 
and 3. Where columns were run slowly with a small 
pressure head the recoveries of applied caerulo- 
plasmin were poor, suggesting that caeruloplasmin 
was unstable under column conditions and indi- 
cating that columns should be run as quickly as 
possible. Though eluate flow through DEAE 
columns is slow under conditions suitable for separ- 
ation of most plasma proteins, it is relatively fast 
at the high salt concentrations used for caerulo- 
plasmin purification. DDEAE chromatography 
under the conditions shown in Fig. 1 resulted in a 
high degree of purification. Most of the contami- 
nant protein was eluted with the eluate front. 
Fractions 66—84 inclusive contained 85% of the 
total caeruloplasmin of the second peak with an 
average EF, .,, (605 my)/E, .,, (280 mp) of 0-043. 
Recovery of caeruloplasmin applied to the column 
was 80-95%. When elution was continued after 
the emergence of the main caeruloplasmin peak, 
a third slight but definite peak appeared associated 
with oxidase activity. 

Fractions 66—84 were bulked and, after dialysis 
against the starting buffer, were chromatographed 
again on a similar DEAE column. Only slight 
further purification was obtained, the highest £, ..,, 
(605 myz)/E, ..,. (280 mp) being 0-044. The minor 
active peak was again observed. It contained 
about 5% of the total protein eluted and 2-3 % of 
the total oxidase activity eluted. It probably 
represents either an active artifact or indicates 
that caeruloplasmin exists as an equilibrium 
mixture. The properties of the purified caerulo- 
plasmin were investigated after dialysis against 
0-1m-sodium chloride or water and concentrating 
by ultrafiltration where necessary. 

Partial purification of caeruloplasmin with di- 
ethylaminoethylcellulose by batch method. The results 
of using DEAE suggested that it could perhaps be 
used at an earlier stage than fraction V. Small- 
scale experiments were performed on fractions III 
and V. The caeruloplasmin was absorbed on to 
DEAE from 0-05M-sodium acetate buffer (pH 5-7)— 
0-08m-sodium chloride and eluted by 0-05M- 
sodium acetate buffer (pH 5-2)—0-25m-sodium 
chloride. In both cases the eluted material had 
Ey em. (605 my)/E, ..,, (280 mp) 0-033, indicating a 
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considerable degree of purification. Thus batch 
treatment by DEAE is a possible alternative to 
fractional precipitation by decreasing salt concen- 
tration (stage 5). Attempted purification of 
fraction II under similar conditions failed, possibly 
owing to interaction between caeruloplasmin and 
the large amounts of contaminant protein present 
in this material. 


Properties of caeruloplasmin 


Stability on storage. Only partial stability 
studies were made. Dilute aqueous solutions of 
purified caeruloplasmin lost about 10% of their 
oxidase activity in 10 days when stored in glass at 
Similar losses occurred in 0-1M-sodium 
chloride. Repeated freezing and thawing resulted 
in rather greater losses (Fig. 2). Preparations 
stored at — 25° decreased in extinction in the visible 
range, though there was no significant change in 
the shape of the spectrum. A preparation of 
fraction V having 1000 units of activity/ml., stored 
at 4° in a 0-1Mm-sodium chloride, lost 30% of its 
activity in 70 days. Activity was completely lost 
after heating for 5 min. in a boiling-water bath. 
After 5 min. in a bath at 80°, however, the blue 
colour was not destroyed in a solution at pH 5-5. 

Stability on freeze-drying. When fraction V was 
frozen and dried at temperatures above — 25° it 
tended to lose activity and to change from a pure 
blue to a rather more greenish colour. Decreased 
absorption at the 605 my peak occurred together 
with increased absorption in the 360-560 my range. 
There was no change in absorption at 280 mz. 


— 25°. 






Ww 
o 


Activity (units/ml.) 


25 50 
Time (days) 


Fig. 2. Loss of activity of purified caeruloplasmin during 
storage at - 25°. O, @, Dialysed against water; A, 
dialysed against 0-1 mM-sodium chloride. Numbers above 
points show how many times the material was frozen 
and thawed. 
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High protein concentration and the presence of 


sodium chloride both resulted in higher stability. 
Another important variable appears to be the rate 
of initial freezing of the caeruloplasmin. A pre- 
paration of fraction V frozen from 0-1M-sodium 
chloride in an acetone-—solid carbon dioxide bath at 
—77° and then dried below showed no 
significant change in activity or spectrum on re- 
constitution. When purified caeruloplasmin ob- 
tained by DEAE chromatography was dried under 
similar conditions 32 % of the activity was lost and 
spectral change occurred (Fig. 3). Thus it is 
probable that the contaminant protein in fraction V 
had some stabilizing effect on caeruloplasmin. 
The purified caeruloplasmin damaged by freeze- 
drying was run on a DEAE column under condi- 
tions essentially identical with those in Fig. 1. No 
new protein peaks appeared, though L,,,,, (605 my)/ 
E om. (280 mp) was decreased from 0-044 to 0-040 
in the purest fractions. It appears that the damaged 
caeruloplasmin behaves rather similarly to the 
undamaged protein under these conditions. EF, ,,,, 
(605 mp)/E, on, (280myp) ratios of individual 
fractions suggest that the damaged material is 
eluted slightly more slowly than intact caerulo- 
plasmin. When a preparation of fraction V which 
had been damaged by freeze-drying was purified on 
a DEAE column under conditions as in Fig. 1, 


— 25° 


1-00 





i) 
300 500 700 900 
Wavelength (my) 
Fig. 3. Spectrum of purified caeruloplasmin: ©, before 
freeze-drying; A, after freeze-drying, with 68% re- 
covery of activity. 
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two runs were necessary to attain purification to 
Ey om, (605 my)/Ey on, (280 mp) 0-044 whereas only 
one run was necessary with undamaged fraction V 
material to attain a ratio of 0-043. 

Electrophoresis. Starch-gel electrophoresis of 
purified material was kindly done by Dr B. P. 
Hughes by a method similar to that of Smithies 
(1955). The gel was made transparent and scanned 
by the method of Fine & Waszezenko-Z (1958). 
A single, though unusually broad, band was ob- 
tained. There was no evidence of asymmetry. 

Chromatography on hydroxylapatite. Broman 
(1958) showed that human serum gave two peaks 
having caeruloplasmin activity when run on a 
hydroxylapatite column. Purified caeruloplasmin 
run under Broman’s conditions also gave two 
active peaks, the elution pattern being very similar 
to that found with serum. On both hydroxy]l- 
apatite and DEAE chromatography the activity/ 
protein ratio of the major peak was twice that of 
the minor peak. 

Absorption spectrum. The spectrum in the visible 
range is shown in Fig. 3. Residual absorption at 
605 mp of material decolorized by cyanide was 
about 1% of that of the best untreated prepara- 
tions. In general, absorption in the 300-500 mu 
range decreased as purity increased. Holmberg & 
Laurell’s (1948) finding that mg. of copper/100 ml. 
is five times E, ,,,, (605 my) was confirmed approxi- 
mately, factors of 4-8-5-0 being found. Ratios of 
absorption at various wavelengths in the visible 
range were almost identical to those published by 
Scheinberg & Morell (1957). Ey... (605 mp)/Ey or. 
(280 my) was 0-044, which is slightly higher than 
the ratio found by the last-named authors. In the 
ultraviolet range caeruloplasmin gave a peak at 
277-278 mp; Ey om, (278 myp)/E, on, (260 mp) was 
1-72, which indicates no significant amount of 
nucleotide impurity to be present. 

Copper/nitrogen ratios. Two preparations had 
eaeruloplasmin copper/nitrogen ratios of 0-0197 
and 0-0203 (w/w) respectively. This is in reasonable 
agreement with a copper/nitrogen ratio of 0-0211 
(w/w) calculated from Holmberg & Laurell’s 
finding of eight atoms of copper/caeruloplasmin 
molecule and a molecular weight of 151 000, which 
they obtained by an ultracentrifuge method. A 
protein/nitrogen ratio of 6-25 has been assumed. 

Enzyme properties. The purified caeruloplasmin 
had 21 units of oxidase/ug. of caeruloplasmin 
copper and an optimum pH in acetate buffers of 
5-5-6-0 under conditions of oxidase-activity deter- 
mination as described in the Experimental section. 
Adrenaline and 5-hydroxytryptamine were also 
destroyed, in agreement with Holmberg & Laurell 
(1951) and Porter, Titus, Sanders & Smith (1957) 
respectively. 5-Hydroxyindoleacetic acid was con- 
verted into a more polar indolic substance which no 
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longer gave the typical 5-hydroxyindole reaction of 
Udenfriend, Titus & Weissbach (1955). The pH 
optimum for this oxidation under the above condi- 
tions was 4-5—5-0, which is about one pH unit lower 
than pH optima with other substrates. The oxidase 
was strongly inhibited by cyanide and azide ions. 
Ethylenediaminetetra-acetic acid (EDTA) also in- 
hibited it; thus in a typical experiment 0-01 and 
1-0 mm-EDTA inhibited the enzyme 13 and 32% 
respectively. The sharp inhibition by 1-0—10-0 um- 
EDTA reported by Broman (1958) with caerulo- 
plasmin contaminated with metal ion was not 
observed, the percentage inhibition increasing 
steadily with log concentration of EDTA. This 
indicates that the traces of contaminant copper 
present were insufficient to affect activity against 
NN-dimethyl-p-phenylenediamine oxalate. Some 
of these findings will be described more fully 
elsewhere. 


DISCUSSION 


Our method of purifying caeruloplasmin is suitable 
for application on a large scale. The method differs 
from that of Holmberg & Laurell (1948) at most 
points, particularly in the omission of the drastic 
50% ethanol-chloroform denaturation. A drastic 
denaturation of copper-free proteins is commonly 
used in the preparation both of caeruloplasmin and 
other cuproproteins (Mann & Keilin, 1939; Porter 
& Folch, 1957). Although caeruloplasmin is 
apparently stable to high concentrations of organic 
solvents and is more stable to heat than most pro- 
teins, it is unstable under certain conditions during 
freeze-drying. Similar findings have been made 
with other cuproproteins. Thus freeze-drying 
caused haemocyanin to become insoluble, with loss 
of oxygen-binding capacity and loss of the pro- 
perty of becoming blue on exposure to the atmo- 
sphere (Litt & Boyd, 1958). Moreover, Frieden & 
Maggiolo (1957) found that ascorbic acid oxidase 
was partly destroyed by freeze-drying. Thus it 
appears that a number of copper—proteins have 
similar stabilities, e.g. towards organic solvents and 
freeze-drying. The instability to freeze-drying may 
be related in some way to copper-bound water 
being an essential part of the molecule, its removal 
resulting in irreversible changes. Mahler (1958) 
interprets the properties of the complexes of the 
copper-enzyme uricase with substrates and in- 
hibitors in terms of a copper—aquo complex. 
Investigations suggest that the small second 
peak with oxidase activity found both on DEAE 
and hydroxylapatite chromatography may be an 
active artifact or may indicate that caeruloplasmin 
exists as an equilibrium mixture. Activity/protein 
ratios are consistent with the minor peak’s repre- 
senting a modification of the protein, in which only 
half of the active centres are intact or available. 
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The general properties of the purified caerulo- 
plasmin compare well with those found by other 
workers (Scheinberg & Morell, 1957; Holmberg & 
Laurell, 1948). The discrepancy between our 
finding that 5-hydroxyindoleacetic acid is a sub- 
strate and the negative results of Martin, Eriksen & 
Benditt (1958) is probably due to the fact that we 
tested at the optimum pH (4-5-5-0) whereas 
Martin et al. worked at pH 6-0. 

The development of methods for the large-scale 
purification of caeruloplasmin is of some import- 
ance. Biochemical studies of caeruloplasmin in the 
10 years since Holmberg & Laurell’s isolation have 
been few, largely because of the scarcity of purified 
material. Knowledge of the nature and physio- 
logical significance of caeruloplasmin is of interest 
not only with respect to the more general problems 
of metal—protein interaction and the involvement 
of metals in enzyme activity but also because of the 
light it may throw on Wilson’s disease and the 
biochemistry of mental disease. 

After this paper had been submitted for publica- 
tion a paper was published on the preparation of 
caeruloplasmin from Cohn fractions IV 1 and 
IV 1, 4 (Sanders, Miller & Richard, 1959). The 
method was similar at some stages to that de- 
scribed here, batch and column purification on 
DEAE being used. 


SUMMARY 


1. A method for the purification of caerulo- 
plasmin from the G2 fraction of human plasma is 
described. Protein precipitation at various pH 
values and concentrations of sodium chloride in the 
presence of diethyl ether is followed by chromato- 
graphy on diethylaminoethylcellulose. 

2. Partly purified caeruloplasmin is stable to 
freeze-drying only when rapid initial freezing is 
used. Highly purified caeruloplasmin is partly in- 
activated when freeze-dried under the same condi- 
tions. 

3. Purified material has a copper/nitrogen ratio 
of 0-0197—0-0203 (w/w) and gives a single broad 
symmetrical peak on starch-gel electrophoresis. 
The values of the copper/nitrogen ratio agree 
reasonably with a molecular weight of 151 000 and 
eight atoms of copper/molecule. 

4. On hydroxylapatite and diethylaminoethy]- 
cellulose chromatography, in addition to the main 
caeruloplasmin peak, a trace of a second peak with 
oxidase activity is eluted. The significance of this is 
discussed. 

5. Some enzymic properties of purified caerulo- 
plasmin are briefly described. 


We thank Professor J. N. Cumings for advice and en- 
couragement and Dr D. R. Kominz for making available to 
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us much unpublished information. One of us (G.C.) thanks 
the Research Advisory Committee of the Institute of 
Neurology for financial support. 
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The Transmission of Sugars across the Goat Placenta 


By D. G. WALKER* 
Department of Biochemistry, London Hospital Medical College, E. 1 


(Received 1 July 1959) 


Fructose is known to occur in the foetal blood of a 
number of species, which include the sheep and the 
goat, and in the seminal plasma of most species. 
The presence of a considerable concentration of 
fructose in foetal blood and its virtual absence 
from the maternal blood indicate that the placenta 
must be impermeable to fructose in the direction 
foetus to mother. On the other hand, Huggett, 
Warren & Warren (1951) showed that, in the sheep, 
glucose rapidly passed between the bloods of ewe 
and foetus in both directions. 

In the work to be described in this paper, goats 
have been used as experimental animals, and 
sufficient experiments similar to those of Huggett 
et al. (1951) on sheep have been performed to 
demonstrate that the placentae of these two species 
behave in an analogous manner. Further, a 
number of other sugars have been used in order to 
obtain some information as to the specificity of the 
permeability properties of the placenta. 

A preliminary account of this work was given by 
Walker & Warren (1955). 

* Present address: Department 
University of Shiraz, Iran. 


of Biochemistry, 


METHODS 


Animals. In most cases the date of mating of pregnant 
goats was known. For the remaining animals the stage of 
pregnancy was deduced from a graph of foetal age against 
foetal crown-rump length (R. J. Harrison, personal com- 
munication). The goats were kept in the animal] house or in 
open-air pen for a period of from 2 days to several weeks. 
They were fed on hay and greenstuff and were allowed an 
unlimited supply of water. 

Surgical procedure. This was based upon that used by 
Barklay, Haas, Huggett, King & Rowley (1949) and 
Huggett et al. (1951). 

Anaesthesia was initially induced by injection of sodium 
pentobarbitone (Veterinary Nembutal, supplied by Abbott 
Laboratories Ltd., London) into a convenient vein in the 
forelimb of the goat. Between 8 and 18 ml. was required, 
depending upon the size of the goat. Thereafter, 1-2 ml. of 
the anaesthetic was given intravenously as indicated by 
variations in muscle tone. Administration of the anaes- 
thetic during the course of an experiment did not appear to 
have any effect on the blood-sugar levels. 

Cannulae were inserted into the jugular vein (for in- 
fusion of the supplementary doses of the anaesthetic and 
injection of the sugar solution) and carotid artery (for 
obtaining maternal-blood samples). Clotting in the cannulae 
was avoided by the liberal use of heparin. The goat was 
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placed in a 0-9% NaCl bath maintained at 37°. Laparo- 
tomy was performed and the foetuses were exposed by 
opening the uterus but were left attached to their mother 
by the umbilical cord. The foetus and the hind quarters 
of the mother were kept immersed in the 0-9% NaCl 
bath. 

Infusion of the sugars. Sugar solutions were infused into 
the maternal circulation via the venous cannula at a rate of 
approx. 25 ml./min. Foetal infusions were made into the 
umbilical vein by means of a syringe and needle at the rate 
of about 2-3 ml./min. 

Blood samples. The maternal-blood samples were ob- 
tained from the carotid artery. Foetal-blood samples were 
taken with a heparinized syringe and needle (size no. 15 
was found most satisfactory), usually from one of the two 
veins of the umbilical cord (which carry the oxygenated 
blood). When the cord was brought out of the bath for 
blood sampling it was moistened with formalin-0-9 % 
NaCl (1:9) to prevent vasoconstriction (Barcroft, 1946). 

Cell/plasma volume ratios were determined in Wintrobe 
haematocrit tubes which were centrifuged at 3500 rev./min. 
for 30 min. Blood plasma was prepared from whole blood 
by centrifuging at 0° for 15 min. at 5000 rev./min. 

Determination of sugars. The blood samples were depro- 
teinized by the barium-—zine method of Somogyi (1945). 
Total reducing substances were determined on the protein- 
free filtrates by the method of Nelson (1944) and fructose 
by a modification of the Seliwanoff method due to Cole (as 
described by Bacon & Bell, 1948). Pentose was determined 
by the method of Mejbaum (1939). 

In normal blood specimens, or in those which were known 
to contain glucose and fructose only, glucose was taken as 
the difference between the total reducing sugar and 
fructose values. Where a mixture of sugars was present in 
the blood, the usual colorimetric determinations were made 
and the information thus obtained was supplemented by 
evidence obtained by chromatographic methods. 

Preparation of samples for chromatography. The barium— 
zinc blood filtrates were first desalted by treatment with the 
mixed ion-exchange resin Bio-Deminrolit (The Permutit 
Co. Ltd.). Approximately equal amounts of filtrate and 
resin (previously saturated with CO,) were mixed and 
allowed to stand with periodic shaking for 30 min. Samples 
of 2 ml. of the salt-free filtrate were then dried in a desic- 
cator, redissolved in 0-1 ml. of water and applied to the 
chromatograms. The filtrates from 0-2 ml. of the original 
whole blood were thus used in the preparation of each 
chromatogram. 

Chromatography. Adequate resolutions of mixtures of 
simple hexoses such as glucose, fructose, galactose and 
mannose are difficult to obtain by one-dimensional 
chromatography, especially when one or other of them is in 
great excess. Two-dimensional chromatograms were there- 
fore prepared as a routine from all the blood extracts where 
two or more hexoses were expected to be present. Phenol- 
water (80:20) and 2:4-lutidine—water (65:35) were used as 
the solvents, in that order. This system resolves the hexoses 
and pentoses in a manner almost identical with that of the 
system phenol-ammonia followed by s-collidine described 
by Partridge (1948). More compact spots were obtained 
when the phenol run was carried out in neutral and not 
alkaline conditions, possibly due to a diminished degree of 
oxidation of the sugars during the experiment. Whatman 
no. 4 filter papers were used throughout (size, 22 in. x 18 in.). 
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The positions of the spots on the developed chromato- 
grams were revealed by a modification of the aniline 
hydrogen phthalate reagent described by Partridge (1949). 
The chromatograms were quickly dipped through a freshly 
prepared solution containing 2 ml. of aniline, 3-3 g. of 
phthalic acid, 5 ml. of water and 95 ml. of acetone. They 
were then heated at 105° for 5-10 min. Under these condi- 
tions hexoses give yellowish-brown spots and pentoses 
reddish-brown spots. When viewed in u.v. light it is found 
that the hexose spots fluoresce intensely whereas no 
fluorescence is obtained with the pentose spots. This 
fluorescence in u.v. light increases considerably the sensi- 
tivity of the method for hexoses. Fructose gives a weaker 
reaction with aniline phthalate than do the aldohexoses. 
Nevertheless, in the quantities present in all the foetal 
fluids examined it was always readily detectable. 

Confirmation of the identity of the ketoses was also 
obtained with the phloroglucinol reagent (Horrocks & 
Manning, 1949) used to develop the spots. The chromato- 
grams were dipped in a solution containing 0-6 g. of phloro- 
glucinol, 10 ml. of water and 90 ml. of acetone, and then 
heated at 105° for 5min. Fructose and sorbose give 
yellowish-brown spots which fluoresce brilliantly when 
viewed under u.v. light. Pentoses give greenish-blue spots 
which develop very much more slowly and increase in 
intensity on standing. The last-named do not fluoresce. 

In experiments which were concerned only with the 
detection of the ketoses, fructose and sorbose, complete 
resolution of these substances could be achieved on one- 
dimensional chromatograms with phenol-water as tie 
solvent. 

No attempt at accurate quantitative evaluation after 
chromatographic separation was made. The relative 
amounts of the different sugars present in each case were 
arbitrarily graded as + + +, ++, + or trace according to 
the relative sizes and intensities of the spots obtained. 


RESULTS 


Normal blood-sugar values 


The normal maternal blood-glucose levels (measured 
as total reducing sugar) in pregnant goats varied in 
the range 17-139 mg./100 ml., the mean value 
being 72 mg./100 ml. (Table 1). The total reducing 
sugar values for the foetal-goat bloods (including 
five foetuses not quoted in Table 1) for all foetal 
ages were in the range 44-296 mg./100 ml., mean 
value 154mg./100ml., and the corresponding 
figures for foetal fructose were: range 40—250 mg./ 
100 ml., mean value 132 mg./100 ml. In general, 
the maternal blood-glucose level was lower than 
the foetal-blood total reducing sugar value, but 
higher than the foetal-blood glucose. The foetal 
glucose varied over the range 1-86 mg./100 ml. and 
was always less than the foetal fructose. 

Maternal blood gave only a weak positive re- 
action to the Seliwanoff test and this may be 
accounted for as being due to the weak reaction 
given by glucose itself (Bacon & Bell, 1948). 

In the foetal blood, the glucose levels were very 
variable and showed no trend with foetal age, but 
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Table 1. Normal maternal- and foetal-blood sugar levels 
T.R.S., Total reducing sugar- 
Foetal 
Foetal Maternal ~ A =~ 
Goat age No. of T.R.S. T.R.S. Fructose Glucose 

no. (days) foetuses (mg./100 ml.) (mg./100 ml.) = (mg./100 ml.) — (mg./100 ml.) 
6* 125 2 118 211 197 14 
7 112 J 97 150 105 45 
8 107 1 66 184 164 20 
9 129 1 105 103 67 36 
10* 86 2 57 157 140 17 
11 103 2 93 171 135 36 
184 139 45 
12* 95 4 92 126 105 21 
13* 91 3 88 231 212 19 
248 221 27 
15* 103 2 61 106 87 19 
16 82 2 78 168 146 22 
198 168 30 
17 84 2 59 123 101 22 
129 104 25 
18 146 2 139 168 148 20 
208 176 32 
19 78 1 88 236 188 48 
20 104 2 56 125 124 1 
111 105 6 
21 134 2 17 48 45 3 
46 45 1 
22 103 2 52 112 107 5 
144 138 6 
24 119 1 75 150 130 20 
25* 102 3 82 212 209 3 
205 194 ll 
26 128 1 67 179 164 15 
27 115 2 38 103 92 11 
113 97 16 
30* 65 2 40 119 108 11 
32 110 1 47 84 76 8 
33 103 1 64 168 153 15 
34* 111 2 49 112 91 21 
35* 146 2 45 44 40 4 
36 95 2 53 176 143 33 
171 156 15 


* Blood samples were not taken from all the foetuses in these multiple pregnancies. 


the total reducing sugar and fructose levels tended 
to decrease with foetal age (Table 2). Huggett et al. 
(1951) reported a similar type of result for foetal- 
sheep bloods but in this series of goats the differ- 
ences between the two groups of foetuses is not 
significant. 

Injection of sugars into the maternal and foetal 
circulation. Various mono- and di-saccharides have 
been infused into both the maternal and foetal 
circulations of goats with a view to obtaining in- 
formation on two problems: (a) the permeability of 


19 


the goat placenta to the infused sugar and (6) the 
formation of fructose in the foetal circulation. In 
all cases the sugar was infused as an aqueous 20% 
(w/v) solution previously warmed to 37°. For con- 
venience, the results of the two types of experi- 
ments will be presented together. All figures quoted 
refer to the sugar concentrations in whole blood. 
Most of the experiments to be described have 
been repeated with similar results. The nature of 
the experiments and their expense have necessarily 
limited the number that could be performed. 
Bioch. 1960, 74 
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Table 2. Analysis of normal foetal-blood sugar levels for differences with foetal age 
T.R.S., Total reducing sugar. 
T.R.S. (mg./100 ml.) Fructose (mg./100 ml.) 
Foetal age No. of -——_— A -——- Ha — 
(days) foetuses Range Mean +s.pD. Range Mean +8.D. 
60-105 22 106-248 165 +44 87-221 145+40 
106-146 19 44-296 143 +69 40-250 127+59 
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Fig. 1. Pregnant goat no. 15. Foetal age 103 days; twins. 
Glucose (1-5 g./kg. maternal body wt.) was injected 
intravenously into the maternal circulation between 36 
and 44 min. @—@®, Maternal T.R.s.; O—O, foetal glu- 
cose; A—A, foetal fructose; @---@, T.R.S. in non- 
pregnant goat no. 28. Glucose (2 g./kg. body wt.) was 
injected intravenously between 15 and 25 min. In all 
the Figures T.R.s. indicates total reducing sugar. 


Effects of injecting monosaccharides 


Glucose into the maternal circulation. Glucose 
solution (1-5 g./kg. maternal body wt.) was injected 
into the maternal circulation at a constant rate 
after a few control specimens of blood had been 
withdrawn from both the goat and its foetus. 
Further blood samples were then taken at suitable 
intervals for a few hours. A typical result is shown 
in Fig. 1. It will be seen that, after the glucose 
injection, there was an immediate and rapid rise in 
the maternal blood total reducing sugar value. This 
was followed by a slower fall towards the initial 
normal values, this latter process extending over a 
period of from 3 to 4 hr. The maternal blood-glucose 
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Fig. 2. Pregnant goat no. 6. Foetal age 125 days; twins. 
Glucose (1-5 g./kg. maternal body wt.) was injected 
intravenously into the maternal circulation between 31 
and 49 min. One foetus was detached at 69 min., which 
remained alive. @—@, Maternal T.R.s.; O—O, attached 
foetal glucose; O- - -O, detached foetal glucose; A—A, 
attached foetal fructose ; A- - -/\, detached foetal fructose. 


curve was, in fact, very similar to the control 
glucose-tolerance curve for a non-pregnant goat. 
There was a smaller peak in the foetal-glucose con- 
centration but this occurred after the maternal 
blood sugar had begun to fall. This result suggested 
that the goat placenta was freely permeable to 
glucose in the direction mother to foetus. The foetal- 
glucose level fell in a similar manner to the maternal 
glucose. As soon as the foetal blood glucose rose 
above its initial value, a rise in the foetal blood 
fructose was observed. The ascending fructose 
curve invariably crossed the descending glucose 
curve. This experiment has been performed 11 
times and in all cases the rise in foetal fructose was 
at the rate of 20-40 mg./100 ml./hr. This rate of 
rise appeared to be independent of the foetal age 
(range 90-146 days). 
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Fig. 2 shows the results of a similar experiment 
in which one of twin foetuses was detached im- 
mediately after the glucose infusion into the 
mother. The foetal-blood fructose increased only in 
the foetus which remained attached to the parent 
via the placenta. In the detached foetus the blood 
fructose began to fall immediately after the separa- 
tion from the mother. 

Glucose into the foetal circulation. Glucose 
(1 g./kg. foetal body wt.) was injected via the um- 
bilical vein into the foetal circulation. The foetal 
glucose immediately rose and then fructose forma- 
tion commenced as the glucose began to return 
slowly to its initial value. Fructose formation 
stopped when the foetal-blood glucose approached 
its initial value. A small but transient rise in the 
maternal total reducing sugar occurred immedi- 
ately after the glucose infusion. This type of result 
was also obtained in another experiment in which 
twin foetuses were infused with glucose at different 
times (Fig. 3). In each of the foetuses, the foetal- 
blood fructose level began to rise immediately after 
the glucose injection. The shape of the maternal 
total reducing sugar curve again suggested that 
some glucose passed over into the maternal circula- 
tion, although this would not be expected to give 
a marked rise because of the large dilution such 
glucose would undergo owing to the greater blood 
volume. 
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Fig. 3. Pregnant goat no. 27. Foetal age 115 days; twins. 
Glucose (1 g./kg. foetal body wt.) was injected into the 
umbilical vein of foetus A between 34 and 43 min. and of 
foetus B between 148 and 155 min. @—@, Maternal 
T.R.S.; O—O, foetus A glucose; O- - -O, foetus B glucose ; 
A—A, foetus A fructose; A- --A, foetus B fructose. 
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Fructose into the maternal circulation. The fact 
that fructose was present in the foetal blood but 
not in the maternal blood suggested that the goat 
placenta was impermeable to fructose, at least in 
the direction foetus to mother. Fig. 4 shows the 
result of injecting 1-5 g. of fructose/kg. maternal 
body wt. into the maternal blocd. The maternal- 
blood fructose concentration fell rapidly from the 
high value thus induced and returned almost to 
zero in the course of 2 hr. This represents a greater 
tolerance of the maternal goat for fructose than for 
glucose. The rise in the maternal glucose suggests 
that some of the fructose was rapidly converted 
into glucose, presumably by the maternal liver. In 
the foetal blood, however, the initial rise in fructose 
was negligible, and only a very small increase in the 
fructose level occurred. The rise in the maternal 
glucose was reflected in a small increase in the 
foetal glucose. The apparent impermeability of the 
placenta to fructose in the direction mother to 
foetus was also demonstrated in another similar 
experiment in which, after the injection of fructose 
into the maternal circulation resulting in the 
attainment of a maternal fructose level of over 
500 mg./100 ml., the fructose values in the twin 
foetuses increased from 222 to 242 mg./100 ml. and 
from 228 to 249 mg./100 ml. respectively over a 
time period of 40 min. This represents a similar rate 
to those observed after an injection of glucose into 
the maternal circulation, and might be explained by 
some slow active process of fructose transfer 
across the placenta. There was no rapid transfer of 
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Fig. 4. Pregnant goat no. 4. Foetal age 130 days; single- 
ton. Fructose (1-5 g./kg. maternal body wt.) was in- 
jected intravenously into the maternal circulation 
between 26 and 34min. @, Maternal glucose; A, 
maternal fructose; O, foetal glucose; A, foetal fructose. 
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fructose across the placenta as there is of glucose 
under comparable conditions. 

Fructose into the foetal circulation. The foetal- 
fructose level in a singleton foetus was increased to 
450 mg./100 ml. by injection of fructose into the 
umbilical vein. Fig. 5 shows that the maternal 
total reducing sugar value did not increase at all. 
No fructose could be detected in the maternal 
blood either by the Seliwanoff test (i.e. over and 
above the normal very small positive reaction) or 
by chromatographic methods. In another experi- 
ment (pregnant goat no. 8, foetal age 107 days) the 
foetal fructose was increased to 557 mg./100 ml. 
and a similar result was obtained. 

Mannose into the maternal circulation. Mannose, 
being a sugar very similar to glucose, might be 
expected to pass freely across the placenta. 
Further, it might act as a precursor of foetal 
fructose. The results of this and most of the 
remaining experiments demanded use of chromato- 
graphic methods in addition to the quantitative 
colour tests. This particular experiment will there- 
fore be described in rather more detail to illustrate 
the type of reasoning used in deducing the results 
of the succeeding experiments. 

Fig. 6 shows the results of the quantitative 
determinations. The upper graph shows the varia- 
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Fig. 5. Pregnant goat no. 34. Foetal age 111 days; twins. 
Fructose (1 g./kg. foetal body wt.) was injected into the 
umbilical vein between 21 and 29min. @, Maternal 
T.R.S.; O, foetal T.R.s. (the foetal-glucose values re- 
mained below 20 mg./100 ml. throughout the experi- 
ment). 
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tion of the maternal total reducing sugar with time. 
This will include mannose in addition to the glucose 
after the mannose injection (which was made over 
the period 32-42 min.). The lower graph shows the 
foetal fructose and foetal ‘glucose plus mannose’ 
values. The latter were obtained by subtracting the 
foetal fructose from the foetal total reducing sugar 
values. This information does not, by itself, decide 
whether or not the rise in the foetal ‘glucose plus 
mannose’ is due to glucose alone, or to a rise in 
both sugars. Fig. 7 illustrates the chromatograms 
obtained from blood samples. The semi-quanti- 
tative data thus provided are given in the legend to 
Fig. 6. The samples (called A, B, C and D in the 
legend) correspond to the same blood samples as 
those similarly marked on the graphs. Hence it is 
seen that a large intense mannose spot occurred in 
sample A, which was taken immediately after the 
injection of mannose into the maternal blood. The 
foetal-blood sample (B) taken before the mannose 
injection shows the presence of fructose and a trace 
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Fig. 6. Pregnant goat no. 17. Foetal age, 84 days; twins. 
Mannose (1-5 g./kg. maternal body wt.) was injected 
intravenously into the maternal circulation between 34 
and 42 min. @, Maternal 1.R.s. (i.e. glucose and man- 
nose); O, foetal glucose and mannose; A, foetal fructose. 
The table below shows the chromatography results (two- 
way chromatograms) corresponding to the blood samples 
marked on graphs. 


Glucose Fructose Mannose 
A +4 Very high 
B Trace - 
C + + ros 
D + + ++ 


1960 










SS ee 













1960 


‘ime. 
1cose 
over 
3 the 
108se’ 
x the 
ugar 
cide 
plus 
se in 
rams 
anti- 
id to 
. the 
2S as 
it is 
2d in 
- the 
The 
nose 
race 


wins. 
ected 
on 34 
man- 
‘tose. 
(two- 
nples 


ie 


e 
; 
| 


Vol. 74 


of glucose (the latter corresponding to 24 mg./ 
100 ml.). After the mannose injection into the 
maternal blood, mannose was clearly demonstrated 
to be present in the foetal blood (sample C). At a 
later stage, sample D, the intensity of the mannose 
spot had decreased, whereas that of the fructose 
spot had increased. Exactly the same results were 
obtained for the blood samples taken from the 
second of the twin foetuses. 

The results of this experiment (and also of a 
duplicate on pregnant goat no. 9, singleton foetus, 
foetal age 129 days) indicated a rapid transfer of 
mannose from mother to foetus, and a small but 
significant rise in the foetal fructose. These experi- 
ments do not, however, indicate whether this 
fructose formation took place directly from 
mannose, or whether the mannose was first con- 
verted into glucose which was in turn transformed 
into fructose. 

Mannose into the foetal circulation. Two injections 
of mannose were given to one of twin foetuses 
(Fig. 8). The foetal ‘glucose plus mannose’ values 
were again derived by subtracting fructose from 
the total reducing sugar values. The peaks on the 
foetal side (such as sample A) were reflected by 
peaks (represented by samples B and C) in the 
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maternal total reducing sugar curve. The chro- 
matograms showed that the latter peaks were due, 
at least in part, to the passage of mannose from the 
foetus to the mother. There was again a small but 
significant rise in the foetal-fructose value. In 
another similar experiment (pregnant goat no. 32, 
foetal age 110 days) the rise in the foetal fructose 
was from 76 to 92 mg./100 ml. 

Galactose into the maternal circulation. When 
galactose was injected into the mother, the usual 
type of maternal total reducing sugar curve was 
obtained (Fig. 9). The foetal ‘glucose plus galactose’ 
values, obtained by subtracting the foetal fructose 
from the foetal total reducing sugar values, showed 
a peak a few minutes after the maternal peak, and 
the chromatograms showed that this rise was due, 
at least in part, to the passage of galactose across 
the placenta into the foetal blood. No fructose 
production from galactose occurred. In a duplicate 
experiment (pregnant goat no. 31, foetal age 61 
days) galactose transfer was again demonstrated 
but the foetal-fructose values did not increase. 

Sorbose into the maternal circulation. Sorbose was 
injected into the maternal circulation and its fate 
followed by total reducing sugar and ketose (Seli- 


wanoff) values. Both sorbose and fructose will 
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Fig. 7. Drawings of sections of two-way chromatograms [on Whatman no. 4 filter paper; solvents: phenol—water (right 
to left) and 2:4-lutidine-water (bottom to top): spots were detected with aniline hydrogen phthalate]. A, B, C 
and D correspond to the respective points on the graphs in Fig. 6. 
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Fig. 8. Pregnant goat no. 21. Foetal age 134 days; twins, 
only one foetus used. Mannose (1 g./kg. foetal body wt.) 
was injected into the umbilical vein between 41 and 
45 min. and again between 116 and 120min. ©, 
Maternal T.R.s. (glucose and mannose); O, foetal glucose 
and mannose; A, foetal fructose. Chromatograms (two- 
way) gave the following results. 


Glucose Fructose Mannose 
A + + Very high 
B + + 
Cc + : + 





contribute to the latter (sorbose has about half the 
chromogenicity of fructose in the Seliwanoff re- 
action). The maternal total reducing sugar and 
ketose curves (Fig. 10) fell from their high values 
after the injection in a similar way. In the foetal 
blood there was a definite rise in the ketose values 
after the injection. Chromatography showed in 
two experiments that the rise in foetal ketose was 
caused by the transfer of sorbose from mother to 
foetus. The quantitative results for both experi- 
ments (pregnant goats nos. 11 and 30) indicate 
that the amount of sorbose which passed across was 
less and its passage slower, than for glucose, 
mannose and galactose. 

Xylose into the maternal circulation. In the two 
experiments performed with this sugar, determina- 
tions were made on all blood specimens for total 
reducing sugar, ketose and pentose. No attempt 
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was made to determine the individual sugars 
because fructose contributes to the pentose colour. 
The results (Fig. 11) show that, after an injection of 
xylose into the mother, there was an immediate 
rise in foetal total reducing sugar which could be 
accounted for by the rapid passage of xylose from 
mother to foetus. Similar results were obtained in 
a duplicate experiment (pregnant goat no. 12, 
foetal age 95 days). 


Effects of injecting disaccharides 
In experiments in which disaccharides were in- 
jected into the maternal circulation no disac- 
charides appeared in the foetal blood, showing that 
the goat placenta is impermeable to disaccharides. 
Maltose. Although the maternal total reducing 
sugar value rose to over 600 mg./100 ml. after the 
injection of maltose (1-5 g./kg. body wt.) there was 
virtually no difference in the total reducing sugar or 
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Fig. 9. Pregnant goat no. 10. Foetal age 86 days; twins, 
only one foetus used. Galactose (1-5 g./kg. maternal 
body wt.) was injected intravenously into the maternal 
circulation between 71 and 79 min. @, Maternal T.R.s. 
(glucose and galactose); O, foetal glucose and galactose; 
\, foetal fructose. Chromatograms (two-way) gave the 
following results. 


Glucose Fructose Galactose 
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Fig. 10. Pregnant goat no. 11. Foetal age 103 days; twins. 
Sorbose (1-5 g./kg. maternal body wt.) was injected 
intravenously into the maternal circulation between 61 
and 70 min. @—®, Maternal 1T.2.s. (glucose and sorbose) ; 
@---@, maternal ketose (sorbose); O—O, foetus A 
ketose; O- - -O, foetus B ketose. Chromatograms (two- 
way) gave the following results. 


Glucose Fructose Sorbose 
A + Very high 
B + + + + - 
Cc sane L 4 Trace 


fructose levels in the foetal blood. Chromatograms 
failed to detect any maltose in the foetal blood, and 
thus it was clear that the goat placenta was im- 
permeable to maltose. 

Lactose. Two experiments were performed in 
which lactose was injected into the maternal 
circulation (1:5 g./kg. body wt.). No changes 
occurred in the sugar concentrations in the foetal 
blood, and no lactose could be detected in the 
foetal blood. 

Sucrose. Sucrose was estimated as the difference 
in the total reducing sugar values before and after 
hydrolysis by dilute mineral acid. Such values 
agreed well with fructose values (assuming that 
sucrose reacts as 50% fructose in the Seliwanoff 
reaction). When sucrose (1-5 g./kg. maternal body 
wt.) was injected into the maternal circulation 
(pregnant goat no. 25, foetal age 125 days), the 
total reducing sugar value after hydrolysis was 
620 mg./100 ml. and this decreased over a period of 
3 hr. to 197 mg./100 ml. In the foetal blood the 
total reducing sugar value after hydrolysis rose 
very slowly from 206 to 245 mg./100 ml. and the 
fructose value from 212 to 240 mg./100 ml. How- 
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ever, these small increases must have been due to 
glucose or fructose or both, for no sucrose could be 
detected chromatographically in samples of foetal 
blood taken at any stage of the experiment. In a 
duplicate experiment (pregnant goat no. 19, foetal 
age 78 days) the maternal total reducing sugar 
after hydrolysis rose to over 700 mg./100 ml., and 
then fell to 233 mg./100 ml. in 2 hr. The rise in the 
foetal blood total reducing sugar after hydrolysis 
was 32 mg./100 ml. and that of the foetal fructose 
was 17 mg./100 ml. Four foetal-blood specimens 
were found to contain no sucrose by chromato- 
graphic methods. The total reducing sugar values 
before and after hydrolysis suggested that some 
sucrose was broken down, forming glucose and 
fructose. In the foetal blood, the total reducing 
sugar after hydrolysis was approx. 10-15 mg./ 
100 ml. higher than the total reducing sugar before 
hydrolysis throughout the experiment. The amount 
of sucrose equivalent to this difference would have 
been detectable chromatographically. It was con- 
cluded that the goat placenta was impermeable to 
sucrose. 
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Concn. of sugar (mg./100 ml. of whole blood) 


0 30 60 90 120 150 
Time (min.) 

Fig. 11. Pregnant goat no. 26. Foetal age 128 days; 
singleton. Xylose (1-5 g./kg. maternal body wt.) was 
injected intravenously into the maternal circulation 
between 34 and 42 min. A, Maternal pentose; O, foetal 
T.R.S.; A, foetal pentose; 0, foetal fructose. Chromato- 
grams (two-way) gave the following results. 


Glucose Fructose Xylose 


! ++ 
B Pe 
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Table 3. Cell—plasma distribution of sugars 


Pregnant goat no. 35. Foetal age 146 days; twins. Glucose (1-5 g./kg. maternal body wt.) was injected intravenously 
into the maternal circulation between 59 and 68 min. 1.R.s., Total reducing sugar. 





Plasma Blood cells 
Pe = Sianeenenininnaniesi tammmmannnsmemsenmannitity ——+ -——_ ee 
T.R.S. Fructose Glucose T.R.S. Fructose Glucose 
Time (mg./ (mg./ (mg./ (mg./ (mg./ (mg./ 
Sample (min.) 100 ml.) 100 ml.) 100 ml.) 100 ml.) 100 ml.) 100 ml.) 
Maternal 1 0 48 — _ 33 — — 
Maternal 2 37 59 _ 39 oo a 
Maternal 3 73 402 105 — — 
Maternal 4 123 287 - 69 — — 
Maternal 5 177 212 - — 59 “= — 
Maternal 6 229 148 — - 50 — _ 
Foetal 1 2 45 41 4 56 38 18 
Foetal 2 42 51 43 8 49 29 20 
Foetal 3 78 135 56 79 120 47 73 
Foetal 4 126 159 82 77 129 65 64 
Foetal 5 180 159 107 52 23 81 42 
Foetal 6 232 145 115 30 121 100 21 


Cell—plasma distribution of sugars 


In studying the relative concentrations of the 
sugars on either side of the placenta the concentra- 
tions in foetal and maternal blood plasma will be 
those actually defining the gradient across the 
barrier. Experiments were performed in which 
similar techniques to that described above for the 
injection of glucose into the maternal circulation 
were used, except that glucose and fructose assays 
were performed to determine both the cell and 
plasma concentrations. The concentrations of the 
sugars within the cells were calculated from a 
knowledge of the concentrations in whole blood and 
plasma and the haematocrit value. Table 3 shows 
the results of an experiment in which glucose was 
injected into the maternal circulation. It can be 
seen that the relations between the sugar concen- 
trations in the maternal- and foetal-blood plasmas 
were very similar to the results obtained for whole 
blood. Similar results were also obtained in a 
duplicate experiment (pregnant goat no. 37, foetal 
age 106 days). 


DISCUSSION 


The occurrence of fructose in the foetal blood of 
sheep and goats raises the questions (a) from what 
is the fructose formed, and (b) how and where is the 
fructose formed from its precursor? The answers 
were partly provided by Huggett et al. (1951) in 
their experiments on sheep, in which they showed 
that foetal-blood glucose is the immediate pre- 
cursor of foetal-blood fructose, and that the site of 
formation is the placenta. Experiments now 
reported on the goat confirm the previous findings 
on the sheep and indicate that the placentae of 
these two species behave in a similar manner when 
studied in this way. 


Once the fructose is formed it might be expected 
to pass into the maternal blood unless the placenta 
acted as a barrier to its transmission. Experiments 
described in this paper indicate that the imperme- 
ability of the placenta to fructose is virtually com- 
plete in both directions. The foetal-fructose level 
has been raised to about 1000 mg./100 ml. of whole 
blood, but no fructose could be detected in the 
maternal blood (that is, no increase in the small 
initial values given by the blood samples taken 
during the control period was found). In the other 
direction, fructose injected into the maternal 
circulation gave rise only to a slow increase in the 
foetal-blood fructose, the rate of increase being 
similar to that when glucose is infused into the 
maternal circulation. 

Mannose and galactose, like glucose, passed 
rapidly across the placenta in both directions. The 
ketohexose sorbose was able to traverse the 
placenta but at a much slower rate than the aldo- 
hexoses. Thus it would appear that sorbose be- 
haves in a manner somewhere between that of the 
aldohexoses and fructose. The only pentose studied, 
xylose, passed rapidly across the placenta whereas 
the organ appeared to be completely impermeable 
to the disaccharides examined. These results indi- 
cate that fructose may hold a unique position in 
being the only monosaccharide to which the 
placenta of the goat is virtually completely im- 
permeable. 

As far as the production of foetal fructose is 
concerned, it would appear that, in addition to 
glucose, mannose might also be a_ precursor. 
Galactose, however, did not appear to give rise to 
fructose. 

Whereas the fructose, which is always present in 
the body fluids of the foetal goat, presumably 
arises by a steady formation from foetal glucose in 
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the placenta, it appears that one important factor 
in maintaining its concentration continuously at 
such high levels must be the specific imperme- 
ability of the placenta to this sugar which prevents 
its passage into the maternal circulation. Evidence 
has been reported (Karvonen & Riéaihi, 1954; 
Davies, 1955) that a similar relative placental im- 
permeability to fructose may occur also in the rat, 
rabbit and guinea pig, and similar observations 
have been made independently in this Laboratory. 
None of these species normally contains appreciable 
concentrations of fructose in the foetal blood. This 
suggests that the phenomenon of a specific imper- 
meability of the placenta to fructose may be a quite 
general one. If this is so, it is perhaps related only 
somewhat fortuitously to the phenomenon of 
placental fructose formation, which is peculiar to 
the ungulates (Goodwin, 1956), in that, by helping 
to maintain high concentrations of fructose once it 
is formed, it accentuates the effect. 

The remarkable disparity in placental perme- 
ability between fructose and other naturally 
occurring monosaccharides raises many fascinating 
problems about the nature of the transport mech- 
anisms involved. The work reported in this paper 
offers more information on the specificity of the 
placental barrier but does not attempt to explain 
the mechanism of transfer or barrier effect. At the 
moment, virtually nothing is known about the 
details of such processes although the problems 
have been discussed (Widdas, 1952; Chinard, 1954). 
The only other monosaccharide which at all 
resembles fructose in this respect is the ketohexose 
sorbose. It may be that there is some peculiarity 
in the detailed nature of the transport processes 
which favours aldose rather than ketose groupings. 


SUMMARY 


I. The goat placenta has been shown to act in a 
similar manner to that of the sheep in that it is the 
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site of formation of foetal-blood fructose from 
foetal-blood glucose. 

2. The goat placenta is freely permeable to 
glucose, mannose, galactose and xylose but is 
impermeable to fructose, sucrose, maltose and 
lactose. Sorbose can traverse the placenta but only 
at a slow rate. 

3. The role of the remarkable relative imperme- 
ability of the placenta to fructose is discussed with 
reference to the occurrence of fructose in goat 
foetal blood and the mechanism of sugar trans- 
mission. 


I wish to make grateful acknowledgement to the Sir 
Halley Stewart Trust for a Fellowship held during part of 
this work. The expenses were met by a grant from the 
Medical Research Council to Professor F. L. Warren. 
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The Preparation of Soluble Vasopressinase from Human Placenta 


By K. C. HOOPER 
Medical Research Council Clinical Endocrinology Research Unit, University of Edinburgh 


(Received 4 August 1959) 


Hooper & Jessup (1959) indicated that oxytocin 
and vasopressin were destroyed by separate enzyme 
systems present in human placenta. Previously, 
Hawker (1956) showed that homogenate of placenta 
destroyed both hormones. Some properties of the 
enzymes were revealed by means of inhibitors, and 
it appeared likely that both oxytocinase and vaso- 
pressinase were peptidases, the former, in addition, 


possessing esterase activity (Hooper, 1959). A 
study of the distribution of the enzymes in the 
placenta (Hooper & Jessup, 1959) showed that 
oxytocinase was present in the supernatant ob- 
tained by centrifuging the homogenate at 113 000 g 
and thereby removing particulate matter. Vaso- 
pressinase, on the other hand, was found to be pre- 
dominantly in the mitochondrial and microsomal 
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fractions, with some activity in the soluble frac- 
tion. The distribution of vasopressinase between 
mitochondria and was such that 
activity associated with microsomes might be due 
to contamination by particles of disrupted mito- 
chondria formed by grinding placenta with sand. 

If a soluble preparation of vasopressinase could 
be obtained, it would facilitate further character- 
ization of the enzyme, and would also permit 
sterilization by filtration. Attempts have been 
made to extract the enzyme, and results presented 
here describe the effects on vasopressinase of 
certain procedures which dissociate other enzymes 


microsomes 


from particulate matter. 


EXPERIMENTAL 


Preparation of fraction containing enzyme. Placentae 
containing the minimum amount of infarcted tissue were 
obtained from healthy women. Membranes were removed 
and pieces of washed, blotted tissue were mixed with one 
part (w/v) of cold 0-25m-sucrose solution and ground with 
sand in a mortar. The homogenate was squeezed through 
muslin, and debris plus nuclei were removed by centri- 
fuging at 600g for 30 min. The greater part of vasopres- 
sinase activity was in the particulate fraction obtained by 
centrifuging the supernatant at 20000g for 40 min. 
Sedimented particles were drained and suspended in buffer 
solutions, giving concentrations of approx. 2 vasopressinase 
units/ml., the unit of activity defined by Hooper & Jessup 
(1959) being used. All operations were carried out near 2°. 

Estimation of enzyme activity. Vasopressin (Pitressin, 
Parke, Davis and Co. Ltd.) was incubated with enzyme at 
37° in pH 7-5 buffer (Hooper & Jessup, 1959) with an 
initial substrate concentration of 400 International pressor 
m-units/ml. After 30 min., 0-1 vol. of N-HCl was added and 
the reaction stopped by boiling. The boiled mixture was 
neutralized with NaHCO, and the NaCl concentration 
adjusted to 0-9% by addition of water (Hooper & Jessup, 
1959). The amount of enzyme used for incubation was 
chosen so as to leave a residual concentration of approxi- 
mately 10-30% of hormone for assay. 

Vasopressin was measured by pressor activity on the 
anaesthetized rat (Dekanski, 1952). Atropinized animals 
were used in instances where solutions could have been 
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contaminated with di-isopropyl phosphorofluoridate (DFP). 
A bracketing type of assay was used. Two dose levels of a 
standard hormone solution were given before and after two 
dose levels of the unknown; the unknown was diluted until 
responses were approximately equal to those produced by 
the standard. The sequence was repeated, giving a total of 
ten injections per assay. Residual substrate concentrations 
were converted into enzyme units by means of a reference 
graph (Hooper & Jessup, 1959). Fiducial limits at a 
probability of 0-95 were calculated according to Burn 
(1952). 

Extraction of enzyme from particulate fraction. The 
fraction containing vasopressinase activity was subjected 
to the following procedures. (1) Freezing and thawing: 
suspensions of particles were frozen at —30° and thawed 
at room temperature. (2) Lysis: particles were suspended 
in water at 2°. (3) Treatment with ultrasonic oscillations; 
these experiments were kindly done by Dr G. G. Selman 
with the apparatus described by Selman & Wilkins (1949). 
(4) Acetone-drying: suspensions of particles were run into 
5 vol. of acetone at —20°, stirred for 30 min. and centri- 
fuged and washed with acetone before drying at room 
temperature. (5) Treatment with butan-1-ol: both the one- 
and two-phase systems were used (Morton, 1955a). 
(6) Treatment with detergent: suspensions of particles in 
0-1m-phosphate buffer, pH 8-0, were treated with sodium 
cholate for varying periods of time. (7) Autolysis and use 
of enzymes: suspensions of particles were kept at 2°, or 
treated with lipase (L. Light and Co. Ltd.) or trypsin 
(Armour salt-free material, stated activity 3530 units/mg.) 
both in the presence and the absence of cholate. Trypsin 
was inhibited by making the preparation mm with respect 
to DFP. 

Buffers. Buffers were of the phosphate type (Sérensen, 
1909) prepared by mixing 0-2mM-Na,HPO, and 0-2m- 
NaH,PO,. With the exception of the buffer used for incu- 
bation, the desired molarities were obtained by diluting 
with water. 


RESULTS 


Methods involving mechanical disruption 


Effect of lysis. Suspension of particles in a volume 
of glass-distilled water approximately equal to 
4.vol. of the original homogenate for 2 hr. at 2° 
caused particles to aggregate and sediment more 
easily than they did originally. After centrifuging 





Table 1. Effect of lysis and freezing and thawing on placental vasopressinase 


Particles containing vasopressinase were treated by methods shown in first column. Soluble and insoluble fractions were 
separated and the insoluble fraction was suspended in pH 7-5 buffer to give a volume equal to that of the soluble fraction. 
Preparations were incubated with vasopressin (2 international pressor units) for 30 min. at 37°, total volume 5 ml. 
Enzyme was inactivated and residual hormone assayed as described in the text. Fiducial limits are shown in parentheses. 


Vol. of 

preparation Residual Enzyme 

incubated vasopressin Enzyme present 
Preparation (ml.) (%) (units/ml.) (%) 
Particulate fraction 1-0 5 (2-9) 1-8 (1-5-2-4) 100 
Lysed, supernatant 2-0 8 (6-10) 0-8 (0-7-0-9) 44 
Lysed, debris 2-0 5 (3-8) 0-9 (0-8-1-1) 50 
Particulate fraction 0-8 27 (23-31) 1-0 (0-9-1-1) 100 
Frozen and thawed, supernatant 2-0 55 (51-58) 0-2 (0-18-0-21) 20 
Frozen and thawed, debris 2-0 8 (4-12) 0-8 (0-7-1-0) 80 
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at 20 000g for 15 min., activity was estimated in 
the optically clear supernatant and in the debris. 
Table 1 shows that some 40 % of total activity was 
obtained in solution. The loss of substrate occa- 
sioned by incubation with supernatant was due to 
enzyme action and not to loss by adsorption, since 
incubation with boiled supernatant did not cause 
a significant loss of vasopressin. 

Effect of freezing and thawing. Freezing and 
thawing of suspensions of particles in 0-1M- 
phosphate buffer, pH 8-0, caused a release of 20% 
of enzyme (Table 1). The resulting physical 
changes were similar to those caused by lysis. 
Repeated freezing and thawing did not liberate 
additional enzyme. 

Effect of ultrasonic oscillations. Particles were 
suspended in water and subjected to oscillations of 
approximately 1 megacyc./sec. for times between 5 
and 15 min. at densities of 10 or 15w/cm.?. The 
enzyme was not inactivated by 15w/cm.? for 
15 min., and of the 1-6 enzyme units/ml. present in 
the suspension, 0-6 unit went into solution. A 
release of 38% indicated that ultrasonic oscilla- 
tions did not cause a released of enzyme in addition 
to that already achieved by lysis. Electron micro- 
scopy showed progressive particle disintegration 
with increasing severity of treatment. 


Methods involving dissociation of lipoprotein 


Effect of acetone-drying. A suspension of particles 
treated with acetone resulted in a powder contain- 
ing 19% of the initial activity. In view of the loss 
of activity incurred during preparation, no effort 
was made to determine whether or not the re- 
maining activity could be extracted by buffer 
solutions. 

Effect of butan-1-ol. Dissociation of lipoprotein 
by butan-l-ol appears to be greater at pH values 
somewhat removed from neutrality than at pH 7-0 
(Morton, 19556). Suspensions of particles in a 
variety of buffers were treated with 20% (v/v) 
butan-1-ol, centrifuged and enzyme distribution in 
aqueous phase and debris was determined. The 
dissociation of lipoprotein in acid media was more 
effective than it was in alkali, as judged by the 
colour of the organic phase. However, the large 
volume of butan-l-ol employed inactivated the 


SOLUBLE VASOPRESSINASE 


299 


greater part of the enzyme. Treatment by addition 
of butan-1-ol to particles in 0-1m buffer, pH 8-0, to 
give a 3% solution was less harsh than in the 
previous method, and released 23 % of enzyme with 
a destruction of some 35% of total activity 
(Table 2). These conditions were approximately 
optimum for the release of enzyme with minimum 
loss of activity. 

Effect of sodium cholate, autolysis and enzymes. 
Suspension of particles for 2hr. at 2° in 0-lm 
buffer, pH 8-0, containing 0-5 % of sodium cholate 
released 46% of activity (Table 3). It was found 
that the proportion of enzyme in the supernatant 
increased with autolysis in the presence of sodium 
cholate. Autolysis in the absence of cholate was 
not so effective. The release of vasopressinase 
appeared to depend therefore on digestion of lipo- 
protein or protein of the particles. Digestion with 
a lipase was only as effective, approximately, as 
mechanical disruption (Table 3). In experiments 
with trypsin, particles were digested with the 
enzyme at 2° for periods of time up to 5 hr. and at 
enzyme concentrations between 1:20 and 1:150. 
Some 40% of vasopressinase was obtained in 
solution by this procedure. Trypsin neither 
destroyed vasopressinase nor liberated all the 
enzyme. The digestion by trypsin was conveniently 
terminated by addition of DFP, since it has been 
shown that organophosphorus inhibitors are in- 
effective on vasopressinase (Hooper, 1959). It 
seemed probable therefore that proteolysis in the 
presence of sodium cholate would be more effective, 
and in a 0-5% cholate medium trypsin frequently 
liberated 85% or more of vasopressinase in 2 hr. 
at 2°. Yields were not consistent, however, and 
occasionally they were no higher than those ob- 
tained by use of cholate or trypsin alone. Treat- 
ment of particles suspended in 0-01m phosphate 
buffer, pH 8-0, containing 0-5 % of sodium cholate 
for 16 hr. at 2° before incubation with 1:40 trypsin 
for 2 hr. at 2° caused a more reproducible release of 
enzyme. Optically clear supernatants were ob- 
tained only by centrifuging the tryptic digest at 
high speeds (25 000 g or more). Table 3 also shows 
the effect of incubating vasopressin with enzymes in 
the absence and the presence of DFP. The prepara- 





Table 2. Effect of butanol 


Method was as described in Table 1. 


Vol. of 
preparation 
incubated 
Preparation (ml.) 
Particulate fraction 1-0 
Butanol, aqueous 3-0 


Butanol, aqueous plus debris 1-0 


tion containing DFP, i.e. inhibited trypsin, 
Residual Enzyme 
vasopressin Enzyme present 
(%) (units/ml.) (% 
6 (4-9) 1-7 (1-5-2-1) 100 
17 (12-23) 0-4 (0-3-0-4) 23 
17 (12-21) 1-1 (1-0-1-3) 65 
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Table 3. Effect of cholate, lipase and trypsin 
Method was as described in Table 1. 

Vol. of preparation Residual Enzyme 

incubated vasopressin Enzyme present 
Preparation (ml.) %) (units/ml.) (%) 
Particulate fraction 1-0 12 (10-14) 1-3 (1-2-1-4) 100 
Cholate, supernatant 2-0 18 (7-29) 0-6 (0-4-0°8) 46 
Cholate, debris 2-0 14 (10-18) 0-6 (0-5-0-7) 46 
Particulate fraction 1-0 13 (10-16) 1-3 (1-2-1-3) 100 
Lipase, supernatant 2-0 45 (29-61) 0-3 (0-2-0-4) 26 
Lipase, debris 2-0 12 (7-17) 0-7 (0-6-0-9) 54 
Particulate fraction 0-5 19 (9-28) 2-1 (1-6-3-0) 100 
Particles + cholate + trypsin* 0-5 8 (6-10) 3-1 (2-8-3-5) 147 
Particles + cholate + trypsin + DFP 0-5 16 (9-23) 2-3 (1-8-2-5) 109 
Supernatant from cholate + trypsin + DFP 0-5 26 (11-41) 1-7 (1-1-2-9) 81 


* Particles were treated with 0-5 % cholate for 16 hr. at 2° before incubation with trypsin for 2 hr. at 2°; enzyme activity 
was assayed before and after addition of DFP. DF P-treated material was centrifuged and enzyme content of supernatant 


measured. 


assayed at 2-3 vasopressinase units/ml. whereas 
untreated material contained 3-1 units/ml. The 
destruction of vasopressin by trypsin is well known 
(Lawler & du Vigneaud, 1953). 

The proteolytic digestion of tissue presents a 
hazard when end products contaminate material 
assayed by blood-pressure techniques, e.g. digestion 
of blood serum with trypsin releases bradykinin 
(Rocha e Silva, 1951), which has a pronounced 
vasodepressor effect. No interference from peptides 
formed by tryptic digestion of placental vaso- 
pressinase was observed in the present work. This 
was shown by using the assay design and calcula- 
tion described by Gaddum & Lembeck (1949). 
P vaiues > 0-7 indicated that there was no 
significant divergence in parallelism between the 
effects caused by untreated vasopressin and vaso- 
pressin contaminated with tryptic digest of 
particulate matter. 


DISCUSSION 


Several procedures which disrupt mitochondria 
cause the release of a small percentage of the vaso- 
pressinase activity present in the particulate 
fraction of placenta. The greater part of the 
enzyme, however, can be obtained in solution only 
by preliminary treatment with anionic detergent 
followed by a short digestion with trypsin. It 
appears probable therefore that vasopressinase is 
associated with lipoprotein. Tryptic digestion is 
aided in some manner by sodium cholate. Pre- 
sumably the detergent partially dissociates lipo- 
protein or assists its dispersion in the medium. No 
evidence is available to show whether or not vaso- 
pressinase liberated by mechanical disruption of 
particles is different from the enzyme liberated by 
tryptic digestion. 

In the work described, it was desirable to mini- 
mize bacterial contamination, and for this reason 


the use of trypsin was preferred to prolonged 
autolysis. 
SUMMARY 


1. Attempts have been made to prepare soluble 
vasopressinase from a particulate fraction of 
human placenta. 

2. Mechanical disruption of particles liberated 
a small proportion of enzyme. 

3. Treatment of particles with 0-5% sodium 
cholate solution at pH 8-0, followed by digestion 
with trypsin, liberated the major part of vaso- 
pressinase activity. 
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Dietary Cholesterol and Liver Vitamin A in Normal 
and Castrated Male Rats 


By A. A. HORNER anp R. A. MORTON 
Department of Biochemistry, The University of Liverpool 


(Received 18 August 1959) 


Green, Horner, Lowe & Morton (1957) showed that 
a dietary supplement of cholesterol brought about 
a marked and significant depression of liver vitamin 
A stores in male rats but not in female. Further 
experiments on similar lines are now reported in 
which normal and castrated male rats were com- 
pared. In these experiments, as in the earlier ones, 
the cholesterol might have depressed either 
absorption or liver storage of vitamin A (or perhaps 
both). Alternatively, the vitamin might have been 
‘stored’ to the same extent as that shown by 
normal animals on a stock diet but utilized (i.e. 
mobilized and destroyed) more rapidly. Throughout 
the feeding periods vitamin A and cholesterol were 
given together in the diets so that there is no 
presumptive reason to reject either suggestion. 
Additional experiments were therefore planned 
with normal and castrated males in which liver 
vitamin A stores were built up before feeding with 
cholesterol in a diet which provided no further 
vitamin A. Any depression of liver vitamin A in 
such experiments would be due either to increased 
utilization of liver vitamin A stores or to their dis- 
placement by cholesterol accumulating in the liver. 


{X PERIMENTAL 


Diets. All diets were based on a stock compound cube 
ration (Animal diet no. 4, British Extracting Co. Ltd., 
Bromborough, Cheshire). In Expt. (i) diet A contained 
ground cubes (95%) blended with arachis oil (5%). Diet B 
contained ground cubes (93 %), arachis oil (5 %) and crystal- 
line cholesterol (Croda Ltd.) (2%). The food cubes con- 
tained vitamin A (approx. 5i.u./g.). In Expt. (ii) diet C 
was composed of defatted cubes (i.e. ground to a powder 
and then exhaustively extracted with diethyl ether) (90%), 
blended with arachis oil (10%). Diet D contained simi- 
larly extracted food cubes (88%), arachis oil (10%) and 
cholesterol (2%). 

Procedure. Expt. (i). Twenty-two newly weaned male 
hooded rats were selected from five litters born within 
4 days of each other, and fed on the stock cube diet for 
3 days without restriction. The 12 heaviest rats were then 
surgically castrated under ether anaesthesia. Two days 
after the operation the four experimental groups were 
formed. In group I five normal males received diet A, and 
five others constituting group II received diet B. In group 
III six castrated males were fed on diet A and six more, 
constituting group IV, received diet B. Litter mates were 


evenly distributed between the groups, as far as possible. 
All animals were offered 12 g. of food/day throughout the 
experiment. Three rats from each of groups I and II were 
killed after 28 days. The remaining 16 animals were all 
killed after 56 days. 

Expt. (ii). Thirty-one male hooded rats from nine litters 
born within 4 days of each other were weaned and given a 
diet of ground food cubes without restriction for 10 days. 
Each rat was given vitamin A (2500 i.u., synthetic acetate) 
by mouth on each of the last 4 days of this period; this 
daily dose also contained 2 mg. of DL-«-tocopheryl acetate, 
and was administered in 0-2 ml. of glycerol-ethanol 
(9:1, v/v). On the eleventh day after weaning, 19 rats were 
surgically castrated under ether anaesthesia. All the 
animals were fed on diet C for the next 3 days and then were 
divided into four experimental groups. In group I six 
normal males were fed with diet C and another six in 
group II received diet D. In group III nine castrated 
animals received diet C and ten castrated animals in group 
IV were fed on diet D. All the rats were given 10g. of 
food/day for the first 20 days and then 12 g./day until they 
were killed after 42 days on the experimental diets. 

Analyses of livers, kidneys and plasma. Expt. (i). The 
rats were killed eby cardiac puncture under chloroform 
anaesthesia. Livers were saponified separately and vitamin 
A was measured as reported previously (Green et al. 1957). 
Kidneys were bulked within each experimental group and 
saponified to measure the group-mean kidney vitamin A 
levels. Blood from a pair of rats was bulked and centri- 
fuged to obtain about 5 ml. of plasma for vitamin A estima- 
tion by the method of Glover, Goodwin & Morton (1947). 

Expt. (ii). Each liver was ground with five times its own 
weight of anhydrous Na,SO, and a little silver sand. The 
mixture was extracted with five 100 ml. portions of boiling 
ether and the bulked extracts were evaporated to dryness 
under reduced pressure on a warm-water bath. Liver 
vitamin A was determined spectrophotometrically on a 
small portion of the extracted lipid dissolved in cyclo- 
hexane, the correction formulae given by Cama, Collins & 
Morton (1951) for vitamin A acetate being used. Kidneys 
and plasma were treated as in Expt. (i). 


RESULTS 


Expt. (i). The results are shown in Table 1. 
Originally the whole experiment was planned to be 
of 4 weeks’ duration. Accordingly, three animals 
from each of groups I and II were killed after 
28 days. Liver vitamin A in group II was only 
slightly lower (4%) than in group I and the 
difference has no significance (¢ 0-3163, P > 0-5). 
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The data from these six animals show that at 
28 days cholesterol-feeding had not caused a gain in 
liver weight, although liver unsaponifiable material 
was already four times the control value. The 
control rats had gained 49g. in weight in this 
period, and those given cholesterol had gained 
only 38 g. 

The rest of the animals were killed after 8 weeks. 
The normal males in groups I and II were of very 
similar mean weight and their actual gains in 
weight identical (90g.). Similarly, the 
castrates in groups III and IV both gained 77 g. 
during the experiment. At 42 days, groups I-IV 
had gained 78, 72, 62-5 and 59 g. respectively. As 
was expected, both cholesterol-fed groups had 
larger livers than their respective controls. The 
liver weights (after 56 days) of groups I-IV 
expressed as percentages of body weights were 
5°08, 5-94, 5-55 and 6-64 % respectively. 

The ratios of total unsaponifiable material in the 
livers of groups I-IV (animals killed after 56 days) 
were 1-00:4-64:0-54:3-00. Group II livers con- 
tained 32% less vitamin A than their group I 
controls. The difference was significant at the 5% 
level of probability (¢ 5-499). Similarly, liver 
vitamin A in group IV was 31% lower than in 










were 





























mined. 

Group I 
No. of rats 3 
Final mean body wt. (g.) 91 
Mean liver wt. (g.) 3-98 
Mean total liver unsaponifiable material (mg.) 28-0 
Mean total liver vitamin A (i.u.) 463 

(+48) 

Mean plasma vitamin A (i.u./100 ml.) 413 
Mean kidney-pair vitamin A (i.u.) N.D. 
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Table 2. Hapt. (ii): vitamin A administered before the feeding period 
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group III, the difference being highly significant 
(¢ 3-212, P < 0-01). A difference of 4:5% between 
groups I and III had no significance (¢ 0-3949, 
P > 0-5). 

Expt. (ii). The results are summarized in Table 2. 
The gains in weight of groups I-IV in the 42 days 
were 79:5, 65:9, 71-2 and 62-2g. respectively. 
Liver weights represented 4-15, 5-40, 3-63 and 
4-77 % of total body weight respectively. Liver- 
lipid concentrations in the four groups were 26-8, 
99-3, 27-6 and 104-7 mg./g. respectively. 

Liver vitamin A contents in groups I and IT were 
practically identical, the latter being greater by 
0-6%, a difference of no significance (¢ 0-0822, 
P > 0-5). The group III value exceeded that of 
group IV by 2:2%. Again the difference had no 
significance (¢ 0:-4896, P > 0-5). Dietary cholesterol 
had not affected liver vitamin A in either normal or 
castrated animals, as compared with their con- 
trols. Therefore the mean liver vitamin A value for 
groups I and II combined (4029 i.u.) may be com- 
pared with the corresponding value for groups II] 
and IV (4529i.u.). This represents a level in the 
castrates 12-4% higher than that in intact rats. 
This difference is highly significant (¢ 3-023 
P < 0-01). 


Table 1. Expt. (i): vitamin A given throughout the experimental feeding period 


Body and liver weights, liver unsaponifiable material and liver, kidney and plasma vitamin A levels of control (group I) 
and cholesterol-fed (group II) young normal male rats, and of control (group III) and cholesterol-fed (group IV) young 
castrated male rats. Standard deviations of the means, or standard errors, are given in parentheses. N.D., Not deter- 


Animals killed 
after 28 days 


Animals killed after 56 days 


miei - iain 


Group I Group II Group III Group IV 


3 2 2 6 6 
82 139 136 130 129 
3-89 4:57 5-35 4:27 5-11 
111-7 42:8 198-7 23-2 128-6 
445 1257 859 1201 832 
(+30) (+58) (+48) (+83) (+86) 
34-7 39-6 40-9 37-6 32-4 
N.D. 6-0 3-9 6-4 8-8 


Body and liver weights, liver-lipid material and liver, kidney and plasma vitamin A levels of control (group I) and 
cholesterol-fed (group II) young normal male rats and of control (group III) and cholesterol-fed (group IV) young castrated 
male rats. Standard deviations of the means are given in parentheses. 


Normal rats Castrated rats 











No. of rats 


Final mean body wt. (g.) 

Mean liver wt. (g.) 

Mean total liver-lipid material (mg.) 
Mean total liver vitamin A (i.u.) 


Mean plasma vitamin A (i.u./100 ml.) 
Mean kidney-pair vitamin A (i.u.) 


“ ~\ — —— ~ 
Group I Group IT Group IIT Group IV 
6 6 9 10 
123 111 121 112 

5-08 5-98 4:38 5:34 
136 594 121 559 
4017 4041 4581 4483 
(+241) (+166) (+180) (+100) 
34-9 45-2 43-2 57:8 
13-7 17-7 7-5 9-1 
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DISCUSSION 


The results of each experiment showed the com- 
parative effects of two kinds of treatment, chole- 
sterol-feeding and castration. In Expt. (i) 
castration had depressed growth more effectively 
than dietary cholesterol after 42 days. In Expt. (ii) 
the reverse effect was observed. At the end of 
Expt. (i) only castration depressed growth, the 
earlier effect of cholesterol having been overcome. 
In the last 14 days the cholesterol-fed rats actually 
grew more rapidly than their controls. The period 
of feeding seems to be critical in these growth 
effects. 

In both experiments cholesterol-feeding caused 
an increase over control liver weights to about the 
same extent in normal and castrated animals. In 
ixpt. (i) castrates (group III) had smaller livers 
than normal rats (group I) but the organ consti- 
tuted a slightly larger percentage of body weight in 
the former. In the second experiment group IIT 
had smaller livers than normal animals both on an 
actual weight and percentage body-weight basis. 
This again illustrates changes which occurred in an 
extra 2 weeks of feeding in the first experiment. 

In Expt. (i) cholesterol caused a rather larger 
increase over the control value for total liver un- 
saponifiable material in castrates than in normal 
rats. Comparison of groups I and IIT shows that 
castration caused a marked drop of 46% in liver 
total unsaponifiable matter. In the second experi- 
ment cholesterol-feeding increased liver-lipid con- 
centration to 3-7 times the control value in normal 
rats and 3-8 times in castrates. Liver-lipid con- 
centration was not altered by castration. These 
lipids were analysed by chromatography on silicic 
acid and alkali-isomerization of their fatty acids. 

Cholesterol depressed liver vitamin A in both 
castrated and normal rats in Expt. (i). The results 
with intact animals confirmed earlier findings 
(Green et al. 1957). The cholesterol—vitamin A effect 
is not controlled by male gonadal hormones, for it 
was equally marked in the castrated animals. It 
was shown in the second experiment that liver 
vitamin A stores formed before cholesterol was 
given were not affected by such treatment. There- 
fore vitamin A utilization was not increased, nor 
did cholesterol which accumulated in the liver 
displace vitamin A from the organ. The livers of 
castrated rats in Expt. (ii) contained 12-4% more 
vitamin A than those of normal animals. All rats 
received equal doses of vitamin A before some of 
them were castrated. The castrates would therefore 
have at the operation liver stores of the vitamin 
approximately equal to those of the normal rats. 
Therefore in spite of the operative stress the 
castrates utilized their stores less rapidly than did 
the normal animals. This finding is supported by 
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Bult & Sorgdrager (1938), who showed that males 
utilized vitamin A stores less rapidly during a 
depletion period if they had been castrated. 
Booth (1952) confirmed this. 

In the first experiment the livers of castrated and 
normal males contained similar amounts of vitamin 
A. If both groups laid down liver vitamin A with 
the same efficiency, and the deposits were utilized 
more. slowly by the castrates, one would have 
expected the castrates to have had the larger net 
vitamin A storage. That this was not the case 
suggests that liver accumulation was less efficient 
in the castrated The results of Moore, 
Sharman & Ward (1951) do not support this idea 
for they found that in castrated males liver vitamin 
A storage was double the normal value. However, 
they worked at a very low dosage level, at which 
kidney storage of the vitamin was qualitatively 
more important than liver storage, so that their 
experiments and ours are not strictly comparable. 

The fate of vitamin A other than that in the liver 
after feeding with cholesterol and vitamin A con- 
comitantly as in Expt. (i) was not elucidated. The 
kidney is generally accepted to be an important 
extrahepatic site of vitamin A storage. If the 
vitamin was displaced from (or prevented from 
entering) the liver by cholesterol, a rise in kidney 
or plasma vitamin A or both should have been 
observed. The results show that no such changes 
occurred. Castration did not increase kidney 
vitamin A levels in the present experiments, nor in 
those of Moore et al. (1951). 

Green et al. (1957) postulated that absorbed 
cholesterol and vitamin A competed for liver 
storage space. Expt. (ii) showed that liver vitamin 
A stores formed before cholesterol was given were 
not displaced by subsequent cholesterol infiltration. 
Cholesterol and vitamin A might, however, com- 
pete for retention by liver when fed concomitantly. 
If this were to occur the vitamin might be stored by 
other tissues or destroyed in the plasma. 

As Expt. (i) established that vitamin A utiliza- 
tion was not affected by cholesterol, two other 
possible explanations of the effect of cholesterol- 
feeding remain to be considered. One is that 
vitamin A is absorbed less efficiently from the 
intestine in the presence of cholesterol; the alter- 
native is that if absorption is normal vitamin A is 
not removed from the plasma by the liver to the 
usual extent, presumably because of competition 
from abnormally large numbers of cholesterol- 
containing chylomicra. In the latter case the 
vitamin could be taken up by other tissues or 
degraded by oxidative-enzyme systems in the 
plasma. Conventional feeding experiments of the 
type used here cannot discriminate between the 
two possibilities but the use of radioactive vitamin 
A may allow the problem to be solved. 


males. 
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The present work with castrates has shown that 
the effect of cholesterol in males is not controlled by 
their secondary sex hormones. However, it is of 
primary importance to elucidate the precise 
mechanism of the cholesterol—-vitamin A effect in 
male rats before attempting to discover why it is 
not manifested in females. 


SUMMARY 


1. The effects of a dietary supplement of chole- 
sterol on liver vitamin A stores have been deter- 
mined for normal and castrated young male rats. 

2. When vitamin A and cholesterol were given 
in the diet together, liver vitamin A stores were 
significantly lowered to the same degree in normal 
and castrated animals. No significant changes in 
kidney or plasma vitamin A levels were observed. 

3. If the animals were given large doses of 
vitamin A before cholesterol was given in a vitamin 
A-free diet, liver vitamin A stores were not 
affected in either normal or castrated rats. 
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4. Castration significantly decreased the rate 
of utilization of liver vitamin A in young male 
rats. 

5. In castrates receiving a cholesterol-free diet 


liver unsaponifiable material was markedly re- 
duced. 


We thank Professor R. G. Harrison for castrating the 
rats. The present study formed part of work which was 
assisted by a grant from the Nuffield Foundation. 
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The Chemical Composition of Snail Gelatin 


By A. P. WILLIAMS 
The British Gelatine and Glue Research Association, 2a Dalmeny Avenue, London, N. 7 


(Received 7 July 1959) 


Early work on the distribution of collagen in the 
animal kingdom, mainly based on X-ray studies, 
was considered by Bear (1952) and Rudall (1955). 
Watson (19585) has reviewed the chemical analyses 
available for invertebrate collagens, which at that 
time were restricted to the cuticle of earthworm 
(Lumbricus sp.) (Watson, 1958a), the cuticle of 
Allobophora longa (Singleton, 1957), the byssus 
threads of Mytilus edulis (Jackson et al. 1953), and 
the spongin fibrils from the mesogloea of sponges 
(Gross, Sokol & Rougvie, 1956). 

Since Watson’s review, analyses have appeared 
of the cuticle of Ascaris lumbricoides, and of the 
euverian tubules of sea cucumber (Holuthuria 
forskali), both by Watson & Silvester (1959), and a 
preliminary study was made of the body wall of the 
garden snail (Helix aspersa) by Melnick (1958). 
More recently, Piez & Gross (1959) have reported 
the analyses of Thyone body wall (Echinodermata), 
of Metridium skin and Physalia float (Coelenterata), 
and of spongin A and spongin B from Spongia 
graminae (Porifera). This present paper is concerned 
with the chemical composition of gelatin derived 
from the intact collagen of the body wall of the 
garden snail. 





EXPERIMENTAL 


Materials 


Snail gelatin. The 200 mg. (air-dried weight; moisture 
12-4%) sample of gelatin used was prepared from the body 
walls of 30 garden snails by Melnick (1958). The snails 
were killed by immersion in aqueous 10% (v/v) ethanol for 
2 hr. The shells were removed and each body was opened by 
cutting along the dorsal ridge from the mouth to the collar. 
The viscera were removed and the body walls soaked in 5% 
(w/w) hydrochloric acid to coagulate the mucus. The 
material was then soaked in 0-5 % sodium chloride solution 
for a week followed by a short treatment in saturated 
lime water. The material was extracted by warming in 
water for 2 hr. at 70°, 80° and 90°. Each extract was 
filtered and concentrated in vacuo over phosphorus pent- 
oxide. The gelatin used for analysis was that extracted 
at 90°. 


Analytical methods 


Hydrolysis. The gelatin (100 mg.) was hydrolysed with 
20 ml. of 20% (w/w) hydrochloric acid at 100° in a sealed 
tube for 24 hr. 

Amino acid analysis. The analysis was carried out by the 
method of Moore & Stein (1951) with the modification 
suggested by Eastoe (1955); the corrections applied were 
those used by Eastoe. Hydroxyproline was estimated as by 






























Vo 


th 


or 


1960 


> rate 
| male 


e diet 
ly re- 


ing the 
ch was 


, neerl. 
(1951). 
(1947). 

R. A. 


hem..J. 


visture 
> body 
snails 
101 for 
ied by 
collar. 
n 5% 
. The 
lution 
irated 
ing in 
L was 
pent- 
acted 


with 
sealed 


yy the 
vation 

were 
as by 


Vol. 74 


SNAIL GELATIN 


Table 1. Amino acid composition and related analytical data for snail gelatin 


Amino acid 


(g./100 g. of 
dry, ash-free 


Amino acid N 


No. of residues 
of amino acid 
per 1000 total 
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sample) 

Alanine 5-69 
Glycine 21-24 
Valine 2-22 
Leucine 3-02 
Isoleucine 1-40 
Proline 10-57 
Phenylalanine 1-45 
Tyrosine 1-41 
Serine* 5-70 
Threonine* 2-90 
Cystine 0-00 
Methioninet 0-16 
Arginine 7-88 
Histidine 0-36 
Lysine 1-07 
Aspartic acid 7-84 
Glutamic acidt 12-85 
Hydroxyproline 11-50 
Hydroxylysine 1-14 
Amide N§ 0-69 

Total 99-09 
Glucosamine 0-17 
Galactosamine 0-48 
Hexose 12-10 

Total 12-75 


Total N 


Mean residue wt.|| 93-6 
Recovery by wt. (%) 94-7 
Recovery of N (%) 98-3 
Moisture (% 12-4 


Ash (%) 


s % of residues of 
(moles/10° g.) total N amino acids 

63-8 5-82 72 
283-1 24-95 321-0 
18-97 1-75 21-5 
20-74 2-07 23-5 
10-64 0-97 12-1 
91-8 8-34 104-1 
8-75 0-78 9-9 
7-78 0-71 8-8 
54-2 4-92 61-4 
24-4 2-2 27-7 

0-00 0-00 0-00 
1-07 0-13 1-2 
45-6 16-43 50-9 
2-33 0-65 2-6 
7:30 1-33 8-3 
58-9 5-37 66-8 
87-4 7-89 99-1 
87-7 7-95 99-5 
7-2 1-29 8-2 
49-2 4-46 — 

930-9 

0-98 0-06 — 
2-66 0-26 -= 


15°47 (g./100 g. of dry, ash-free material) 


0-76 (on air-dried material) 


* Corrected for decomposition during hydrolysis (Eastoe, 1955). 

+ Sum of methionine and methionine sulphoxide peaks. 

{ Corrected for decomposition on the column (Moore & Stein, 1951). 

§ Corrected for ammonia formed by decomposition of threonine and serine (Eastoe, 1955). 


|| Chibnall (1942). 


Neuman & Logan (1950). Total nitrogen was estimated by 
the Kjeldahl method. 

Moisture. The loss of weight on drying the gelatin at 105° 
for 24 hr. was used to calculate the moisture content. 

Ash. The gelatin was ignited with concentrated sulphuric 
acid in a platinum dish, then heated at 550° to constant 
weight and the residue weighed as sulphated ash. 

Estimation of hexose. Hexose was estimated by the 
anthrone reaction (Dreywood, 1946), with the modification 
of Bangle & Alford (1954). The hexose is expressed as 
galactose, this sugar being used for the preparation of the 
standard curve. 

Estimation of hexosamine. Glucosamine and galactos- 
amine were estimated directly from the peaks on the amino 
acid chromatograms as suggested by Eastoe (1954). Watson 
(1958a) reports that this method gives rather low and 
variable values but there was insufficient material available 
for the independent determination by another method. 

Estimation of pentose. Pentose was estimated by the 
orcinol reaction (Mejbaum, 1939), with the modification of 


20 


Albaum & Umbreit (1947). The pentose was expressed as 
arabinose, this sugar being used for the preparation of the 
standard curve. 


RESULTS 


A summary of the amino acid composition and 
related analytical data is given in Table 1. The 
number of residues of a given amino acid per 1000 
total residues, calculated as by Eastoe & Leach 
(1958), is also given to enable comparisons to be 
made with other gelatins and collagens. 

When the gelatin was hydrolysed for the deter- 
mination of amino acids a considerable amount of 
insoluble humin was formed and the hydrolysate 
was dark in colour. This is contrary to the observa- 
tions made by Melnick (1958), who obtained light- 
coloured hydrolysates and assumed the gelatin 
samples to be largely free of polysaccharide. 

Bioch. 1960, 74 
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The hydrolysate was filtered to remove the 
humin and the analysis was carried out on the 
filtrate. The presence of humin suggested large 
amounts of polysaccharide components (Watson & 
Silvester, 1959). The presence of polysaccharide 
was confirmed by the detection of hexosamines, 
common constituents of mucopolysaccharides, on 
the amino acid chromatograms, both galactosamine 
and glucosamine being detected on the short 
column of the amino acid separation (Eastoe, 
1954), and also by the detection of a peak of red 
material at about fraction 42 on the long column of 
the amino acid separation, indicating the emer- 
gence of carbohydrate-decomposition products 
(Dustin, Czajkowska, Moore & Bigwood, 1953). 


DISCUSSION 


A common chemical feature of gelatins derived 
from vertebrate and invertebrate collagens is the 
high number of glycyl residues. This number, 321 
in every 1000 amino acid residues, was also found 
in snail gelatin. A number of chemical features 
characteristic of vertebrate gelatins were found. 
The prolyl and hydroxyprolyl contents are of the 
same order; there is one hydroxylic side chain in 
every five residues compared with one in six in 
vertebrates. 

The most striking feature, is the 
presence of hydroxylysyl residues. The hydroxy- 
lysine content is in fact higher than that of most 
vertebrate collagens and gelatins. Eastoe & Leach 
(1958) surveyed the amino acid analyses available 
for vertebrate collagen and gelatin and found that 
those samples on which hydroxylysine estimations 
had been carried out all contained hydroxylysyl 
residues in amounts varying from 3-5 to 12-2 
residues per 1000 total residues. Of the inverte- 
brate collagens and gelatins reviewed by Watson 
(19585) only the collagen derived from the cuverian 
tubules of the sea cucumber had been found to 
contain hydroxylysyl residues (4-7 per 1000 total 
residues). Piez & Gross (1959), however, detected 
hydroxylysine in all the invertebrate gelatins that 
they studied, Metridium, Physalia and spongin B 
having 25, 30 and 24 hydroxylysyl residues per 
1000 residues respectively, the highest yet reported 
for any collagen or gelatin. The amount found by 
them in Thyone gelatin and spongin A, 11 and 12 
residues per 1000 residues respectively, is of the 
same order as that found in snail gelatin. 

Although snail gelatin is similar to vertebrate 
gelatins in amino acid composition it resembles the 
invertebrate gelatins in the low total nitrogen 
content. This may be explained by the presence of 
considerable polysaccharide. The 


however, 


amounts of 


polysaccharide distribution is comparable with that 
found in some other invertebrate collagens and 
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gelatins (Watson, 1958a; Watson & Silvester, 
1959), hexoses being present in considerable 
amounts together with a smaller amount of hexos- 
amines. A small amount (0-66 g./100 g. of dry, ash- 
free material) of pentose was also estimated, but by 
the orcinol method, which is not entirely specific. 
There was insufficient material left to confirm the 
presence of pentose or for the determination of 
uronic acids. 

Generally, vertebrate collagens and gelatins have 
low polysaccharide contents. The cuticle of Ascaris 
lumbricoides (Watson & Silvester, 1959) is similar in 
this respect, but collagens from earthworm cuticle 
(Lumbricus sp.; Watson, 1958a) and the cuverian 
tubules of Holuthuria forskali (Watson & Silvester, 
1959) contain large amounts of polysaccharide. 
There is insufficient evidence available to show that 
the polysaccharide found in these materials and in 
snail gelatin forms an integral part of the collagen 
from which they were derived. 


SUMMARY 


1. A gelatin fraction isolated from the intact 
collagen of the body wall of Helix aspersa was 
submitted to chemical analysis. 

2. The analysis showed that the gelatin con- 
tains a high proportion of glycyl and hydroxyprolyl 
residues. The proportion of hydroxyproline is 
similar to that of proline. There are also a number 
of hydroxylysyl residues present. The amino acid 
composition of snail gelatin resembles vertebrate 
gelatins more closely than the invertebrate gelatins 
previously studied. 

3. The remainder of the gelatin is polysac- 
charide and yields galactose and smaller amounts of 
pentose and hexosamines on hydrolysis. 


The author is indebted to Mr S. C. Melnick for the sample 
of snail gelatin. The author is very grateful to Mr A. A. 
Leach of The British Gelatine and Glue Research Associa- 
tion for advice on the Moore & Stein (1951) technique and 
for much valuable discussion. 

This paper is published by permission of the Director and 
Council of The British Gelatine and Glue Research Associa- 
tion. 
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A Native Cobalamin—Polypeptide Complex from Liver: 
Isolation and Characterization 


By A. HEDBOM 
Institute of Biochemistry, University of Uppsala, Uppsala, Sweden 


(Received 8 June 1959) 


In mammalian liver vitamin B,, and related sub- 
stances occur mainly as weakly bound protein or 
polypeptide complexes. These bound forms should 
probably be regarded as the biologically functional 
units rather than the free cyanocobalamin (Smith, 
1958). Very little information, however, is as yet 
available about the nature of these complexes. 

In a preliminary note from this Laboratory, the 
isolation of acobalamin polypeptide from a liver con- 
centrate (Organon WBC) was described (Hedbom, 
1955). Because further supplies of this particular 
raw material were not available, we have now 
developed a method for obtaining a similar concen- 
trate from fresh ox liver. From this it has been 
possible to isolate a cobalamin polypeptide, with 
essentially the properties previously described, in 
quantities which enable us to perform a more 
detailed examination. 

This paper deals mainly with the isolation pro- 
cedure and characterization of the cobalamin 
polypeptide. 


EXPERIMENTAL AND RESULTS 


Isolation of the cobalamin—polypeptide 
complex 


No method of assay which is specific for the vitamin Bj, 
conjugates in question is yet known. Therefore, the isola- 
tion could be guided only by determination of the total 
vitamin B,, content. 

In the starting material and the first fractions from the 
isolation procedure, the vitamin B,, activity was detected 
and estimated by microbiological assay. Various extraction 
methods were tested in order to find the optimum condi- 
tions for the liberation of cyanocobalamin from the 


samples without destruction, and different micro-organisms 
requiring vitamin B,, were used and compared for the 
estimation. A modification of Burkholder’s (1951) Escher- 
ichia coli tube method was found to be satisfactory for the 
purpose. 

In more concentrated fractions the vitamin B,, content 
was estimated by absorption spectrophotometry, or by 
cobalt determination, as a check on the microbiological 
determination. 

Microbiological assay 


Preparation of samples. The vitamin B,. was released 
from the protein moiety by papain digestion. A sample 
(1 g.) was suspended in 10 ml. of 0-1M-sodium acetate 
buffer, pH 5-0, containing 50 mg. of papain (E. Merck, 
Darmstadt) and a trace of cyanide. The mixture was incu- 
bated for 3 hr. at 40° and subsequently diluted with water 
to a total volume of 50 ml. After filtration and appropriate 
dilution, samples of the solution were assayed for vitamin 
B,, activity as described below. 

Test organism. This was Escherichia coli mutant 113-3 
(Davis & Mingioli, 1950). Stock cultures were stored and 
the inoculae prepared as described by Burkholder (1951). 

Basal medium. The medium (in fivefold concentration) 
contained, in 200 ml. of water: K,HPO, 7-0 g., KH,PO, 
3-0 g., trisodium citrate MgSO,,7H,O 0-1 ¢., 
(NH,).SO, 1-0g., glucose 10-0 g., thiomalic acid 0-1 g., 
L-asparagine 4-0g., L-arginine 0-1 g., L-glutamic acid 
0-1 g., glycine 0-1 g., xL-histidine 0-1 g., L-proline 0-1 g., 
DL-tryptophan 0-1 g. 

The pH was measured with a Beckman glass-electrode 
pH meter, and adjusted, if necessary, to 7-0, by addition of 
KOH. In each tube 1 ml. of medium was used. 

Vitamin standard. This was a water solution containing 
0-200 zmg. of cyanocobalamin/ml., prepared fresh before 
each assay from a stock solution containing 2 yg. of cyano- 
cobalamin (on a colorimetric basis) and 2 mg. of KCN/ml. 
The standard solution was added in duplicates to assay 
tubes in the volumes 0, 0-2, 0-5, 1-0, 1-5, 2-0 and 4-0 ml. per 


20-2 


0-5 g., 
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tube, i.e. over a range of 0-04-0-8 umg. of vitamin B,, per 
tube. 

Procedure. The volume of samples or standards in each 
tube was made up to 4 ml. with water and 1 ml. of medium 
was added, making the total volume of liquid 5 ml. The 
tubes were sterilized by autoclaving for 5 min. at 112°, 
for 20 hr. The 
tubes were steamed for 10 min., cooled and the growth was 


subsequently cooled and incubated at 30 


estimated by measuring the turbidity at a wavelength of 


650 mp with a Hilger Spekker absorptiometer type H 760. 
A standard curve showing growth measured as turbidity 
at different vitamin B,, levels is given in Fig. 1. 


Chemical determinations 


measurements. 
were obtained with a Beckman model DU spectrophoto- 
meter. Silica cells of 1 em. light path and 4 ml. capacity 


Spectrophotometric Absorption spectra 


were used for routine measurements and cells of 5 cm. 
light path for accurate determinations. The cobalamin 
content of concentrated fractions was estimated from the 
absorption maximum in the region 350-360 mp, assuming 
an extinction coefficient H}% 

Cobalt analyses. The material was dried to constant 
After 


ignition of the samples in a platinum crucible, the cobalt 


207 for pure cyanocobalamin. 
weight in vacuo over phosphorus pentoxide at 56°. 


was determined by a colorimetric procedure with nitroso- 
R-salt according to Shipmen, Foti & Simon (1955). 


Isolation methods 


For the isolation of the cobalamin—peptide complex the 
following procedure, with minor modifications, gave satis- 
factory results in five preparations. When more information 
has been collected about the properties of the complex it 
may be possible to work out a more efficient isolation 
method. 

Step 1: preparation of the crude extract. Fresh ox liver 
was obtained from newly slaughtered animals. The liver 
(about 20 kg.) was cleaned, chilled and ground in a mincing 
machine at the slaughter house. The pH was adjusted to 
8 by slow addition of 0-1n-NaOH to inhibit autolysis. 
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Vitamin B,, [amg./tube (5 ml.)] 


Vig. 1. Response of H. coli 113:3 to vitamin B,.. Growth 
(turbidity), measured as extinction at 650 my, is plotted 
against vitamin B,, concentration. 
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After addition of 2 1. of water/kg. of tissue, batches of the 
mixture were homogenized in a 6 1.-Turmix Blendor (type 
MV) at a temperature of 2-4° and squeezed through 
cheese-cloth. 

The solution was acidified to pH 4-5 with N-H,SO,, and 
the precipitate formed was removed by centrifuging at 
2500 g in the stainless-steel cups of a preparative Stock 
centrifuge (total capacity 7-8 1.). The supernatant was con- 
centrated to about 51. under reduced pressure at 40° and 
again centrifuged. These operations were carried out in the 
shortest possible time. 

Step 2: fractionation with ammonium sulphate. The 
extract was then fractionated at room temperature 
(18-20°) between 50 and 80% (NH,),SO, saturation by the 
addition of solid (NH,),SO, (1565 + 1070 g.) in two steps, 
each followed by centrifuging. The precipitate, formed at 
80% and containing the bulk of active material, was then 
treated with ethanol-ether (1:4) to remove lipid material 
and redissolved in 1 |. of water. 

Step 3: phenol extraction. The solution from step 2 
extracted with phenol in a separating funnel. The phenol 
phase was repeatedly washed with water and the vitamin 
B,.-containing material transferred into the aqueous phase 
by addition of ether to the system. After evaporation of 
the ether, the active material was precipitated by addition 
of cold acetone to 80 % (v/v) concentration. The precipitate 
was redissolved in 500 ml. of water. 

Step 4: calcium phosphate treatment. The solution was 
filtered through a calcium phosphate column (60 cm 
3 cm.). The absorbent was prepared by suspending 100 g. of 
cellulose powder (Munktell) in 1000 ml. of CaCl, ,6H,0 
solution (110 g./l.). With stirring, 150 ml. of Na,PO,,12H,0 
solution (125 g./l.) was then added. The column was washed 
with 0-05m-sodium phosphate, pH 5-0. Some inactive 
brown-and-yellow impurities were strongly adsorbed on 
After concentration and 


was 


the column and thus removed. 
precipitation with acetone, the active material was dis- 
solved in 100 ml. of water. 

Step 5: adsorption chromatography on alumina. The 
solution was allowed to pass through an adsorption column 
(60 cm. x 1 cm.) packed with activated alumina (Merck; 
100-200 mesh size). The active material appeared as a 
number of poorly separated fast-migrating red-and-pink 
zones and some strongly adsorbed red or brown zones. 
Some yellow impurities were also visible. The fast-migrating 
zones were collected in an automatic fraction collector, 
pooled, concentrated to 100ml. and used for further 
purification. 

Step 6: butanol extraction of free cobalamins. The coloured 
solution from step 5 was saturated with (NH,),SO, and 
extracted with butanol according to Ellis, Petrow & Snook 
(1949) and Fantes, Page, Parker & Smith (1949). The pre- 
cipitate formed during this procedure was dissolved in 
water, and the solution was again saturated with (NH,),S0, 
and extracted under the same conditions. The extraction 
was continued with fresh butanol until no more coloured 
material could be removed. The residual active material 
was taken up from the aqueous (NH,).SO, phase by ex- 
traction with phenol. It was then transferred to the water 
phase by addition of ether as in step 3. After concentration 
and precipitation with acetone, a cobalamin—peptide con- 
centrate resembling Wijmenga’s fraction (Organon WBC) 
was obtained (Hedbom, 1955). The free cobalamins were 
found in the butanol extract. 
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Step 7: partition chromatography. A saturated aqueous 
solution of the concentrate from step 6 was applied to the 
top of a chromatography column (60 em. x 1 em.) packed 
with Munktell’s cellulose powder and developed butanol 
saturated with water. The red or pink zones were collected 
and examined by spectroscopy. Fractions with absorption 
maxima at 350 my were concentrated and, if necessary, re- 
chromatographed. 

Step 8: final purification by zone electrophoresis. The main 
fraction from step 7, with absorption maxima at 350 
and 523 my, was then further purified by the electro- 
phoretic method of Flodin & Porath (1954), Porath (1956). 
A column (50 em. x 3-5 em.) filled with Munktell’s cellulose 
powder in a volatile buffer solution (0-1 M-pyridine—0-1 m- 
acetic acid, pH 4-5) was used for the experiment. The sub- 
stance was first displaced to 10 cm. below the top of the 
column, then a current of 40 ma was passed through it for 
24hr. Under these conditions three different cobalamin- 
containing After 
drying, the main fraction was obtained in solid form as a 


compounds were separated. freeze- 


pure cobalamin—peptide complex. 


Results 


A summary of the procedure and the results for 
preparation no. 3 are reported in Table 1. 

This preparation, chosen as a typical one, gave 
57mg. of the pure cobalamin—peptide complex 
with a vitamin By, activity (for H. coli) of 14 900 
(ug. of vitamin B,/g.) compared with an initial 
activity of 1-12 (ug. of vitamin B,,/g.) for the 
minced liver tissue. This represents a purification 
of 13 300-fold. The final yield was 3-8 % calculated 
on the same basis. It must be remembered, how- 
ever, that the cobalamin peptide is responsible for 
only part of the total activity in the starting 
material; thus the recovery was in fact even greater. 


Some general properties of the cobalamin- 
polypeptide complex 


The isolated cobalamin peptide is a pink amor- 

yhous powder, readily soluble in water and dilute 
I : 

salt solutions. It is precipitated at high salt con- 


centrations and is almost insoluble in ether and 
acetone. The vitamin B,. complex is stable for 


weeks in the pH range between 2 and 8; examina- 


Table 1. 


Volume 
Step no. (ml.) 

0. Minced liver (20 kg.) 50 000 
1. Crude extract 5 000 
2. (NH,).SO, precipitation 1 000 
3. Phenol extraction 500 
4. Calcium phosphate chromatography 100 
5. Alumina chromatography 100 
6. Butanol extraction 
7. Partition chromatography 
8. Column electrophoresis 
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tion showed that no step in the isolation proce- 
dure could bring about any detectable destruction. 

From qualitative tests, the complex seems to 
contain a peptide or protein part free from de- 
tectable carbohydrates and amino sugars. (Protein 
reactions: biuret+ ; ninhydrin—?; xanthoproteic 
reaction+,; Millon+; Pauli+ ; 
Hopkins — ; Sakaguchi—. Carbohydrate reactions: 
Molisch — ?; Seliwanoff— ; Ehrlich — ; anthrone — .) 


Adamkiewicz 


The criteria for protein purity will be reported in 
a separate paper on the physicochemical properties 
of the complex. The following facts may be used for 
a preliminary assessment of purity. 

The substance behaved as a single component 
when examined by paper electrophoresis at pH 4-0 
(acetate buffer), pH 6-5 (phosphate buffer) and 


pH 8-6 (veronal—acetate buffer) as well as by 
partition chromatography on paper with four 
different solvent systems [butanol-acetic acid 


water (4:1:5); pyridine~soamyl alcohol—water 
(1:1:2); phenol—water (4:1); butanol-aq. 3% NH, 
solution (3:1)]. The 
solubility properties remained unaltered during 


absorption spectrum and 
these experiments. 

Amino acid composition. The complex (1-06 mg.) 
I ml. of HCl-water (1:1) and 
102° for 
After evaporation to dryness the residue 


was dissolved in 
hydrolysed in a sealed Pyrex tube at 
24 hr. 
was examined for amino acids by two-dimensional 
ascending paper chromatography with methanol 
water—pyridine (40: 10:2) in the first and butanol 
methyl ethyl ketone-water—diethylamine (20:20: 
10:2) the described by 
Sisakyan, Bezinger, Garkavi & (1954). 
The following amino acids were detected: glycine, 


in second direction as 


Kivman 
alanine, threonine, valine, leucine, isoleucine, 
aspartic acid, glutamic acid, tyrosine, histidine, 
cysteine, proline and lysine. 

To check this result, one-dimensional descending 
chromatograms were made with butanol—acetic 
acid—water (5:1:4). The 
sprayed with reagents specific for certain amino 


chromatograms were 


acids. In this way the presence of histidine was 


Isolation of the cobalamin—peptide complex from ox liver 


Total 


Vitamin B,, vitamin B,,. 


Weight activity activity Recovery 

(mg.) (ug./ml.) (ug-) (%) 

0-448 22 400 100 

2-10 10 500 47 

8-95 8 950 40 

17-6 8 800 39 

71-5 7 150 32 

59-7 5 970 27 
127-8 1 250 5-6 
12-5 1 210 5-4 
5-7 850 3°38 
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confirmed with the Pauli reagent (Sanger & Tuppy, 
1951), tyrosine with «-nitroso-B-naphthol (Acher & 
Crocker, 1952), proline with isatin (Acher, Froma- 
geot & Jutisz, 1950) and cysteine with the platinic 
chloride—KI reagent (Toennies & Kolb, 1951). 

Cobalt content and minimal molecular weight. 
Cobalt analyses on four different preparations gave 
results of 0-632, 0-653, 0-647 and 0-651 % of cobalt, 
corresponding respectively to minimal molecular 
weights of 9326, 9026, 9110 and 9053 (mean value 
9129). 

Absorption spectrum. The complex was examined 
in aqueous solution (0-15 mg./ml.) for absorption in 
the visible and ultraviolet regions with a Beckman 
spectrophotometer model DU. The absorption 
curve (Fig. 2) shows pronounced peaks at 274 and 
350 mp and broad maxima at 500 and 523 mu. 
For comparison the absorption spectrum of cyano- 
cobalamin is also shown. 

Crude preparations of the complex have a broad 
maximum at 350-360 mp. After the extraction of 
free cobalamins in step 6, this maximum shifts 
toward lower wavelengths and becomes sharper. 


0-75 





—_ 4 4 i ao 
300 400 500 600 
Wavelength (mz) 

Fig. 2. Absorption spectrum (A) of the cobalamin- 
polypeptide complex (0-15 mg./ml. in aqueous solution of 
pH 7-0) compared with that of an equimolar solution of 
cyanocobalamin (B). 
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After the final column electrophoresis it remains 
constant at 350 mp. 

The absorption at 274 mp is mainly due to the 
peptide part, whereas those at 350 and 523 my are 
due to the cobalamin. The spectrum differs from 
that of vitamin B,, itself, both in the position and 
the relative height of the peaks. It is thus impos- 
sible to get an accurate estimation of the vitamin 
B,,. content of the complex from the absorption at 
any particular wavelength. 

Effect of cyanide on the absorption spectrum. 
Addition of trace amounts of cyanide to a neutral or 
slightly acid solution of the complex is followed by 
a bathochromic shift of the peaks at 350 and 
523 mp. The result is a spectrum of cyanocobala- 
min type with characteristic absorption at 361 and 
550 mp, with extinction coefficients (Z}%, ) of 30-5 
and 9-35. These extinction values may constitute a 
more reliable basis for the calculation of the 
cobalamin content by comparison with a cyano- 
cobalamin standard (see Table 2). A cobalamin 
(molecular weight 1329) content of 14-68 % corre- 
sponds to a minimal molecular weight of 9053, in 
fairly good agreement with the value of 9129 from 
the cobalt content. 

Infrared absorption. The infrared-absorption 
spectra of the peptide complex and of cyano- 
cobalamin have been determined and compared. 
A Perkin-Elmer model 21 spectrophotometer 
equipped with sodium chloride prism was used for 
the absorption measurements in the region 2- 
15y. The substances were examined as solid- 
pressed potassium bromide plates according to the 
method described by Schiedt & Reinwein (1952). 
The absorption curves are shown in Fig. 3. The two 
curves show trivial differences in the peptide-bond 
regions but also a more interesting one, namely the 
absence of the characteristic cyanide absorption at 
the 4-0—4-5 » region in the spectrum of the complex. 

Sedimentation coefficient. A 1-0% (w/v) solution 
of the cobalamin peptide in phosphate buffer, 
pH 6-83, I 0-2, sedimented with a single boundary 
in a prolonged sedimentation run (6hr.) at 
260 000 g in Svedberg’s analytical ultracentrifuge. 





Table 2. 


Calculation of the cobalamin content of the complex by comparison of the absorption spectrum 


at different wavelengths with a cyanocobalamin standard 


Cobalamin peptide 
sample 
nN 


sy ie eee ot. ss a 

mp Ete, (%) 
361 207 
361 ‘ 12-90 
550 ; 8-94 
550 13-90 


my ELS, 
361 14-5 
350 26-8 
550 5-72 
523 8-90 
After addition of cyanide 
361 30°5 
550 9-35 


Calculated 
cobalamin 
content 


Cyanocobalamin 
standard 


7:00 


361 é 14-75 
550 14-6( 
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Fig. 3. Infrared spectrogram of the cobalamin—polypeptide complex (A) compared with that of cyanocobalamin (B). 


The result corrected to a temperature of 20° in 
water gave a sedimentation coefficient Sy. , of 
1-0s. 

Diffusion coefficient. The diffusion coefficient was 
preliminarily estimated with the porous-disk method 
essentially according to Northrop & Anson (1929). 
The experiments were performed with samples 
which still showed minor impurities in the ultra- 
centrifuge. The samples were dissolved in a phos- 
phate buffer, pH 6-80, IJ 0-2. The cell was cali- 
brated by means of 0-1mM-KCl solution of known 
diffusion coefficient (Lamm, 1937). 

The diffusion coefficient thus obtained and 
corrected to water at 20° had a value Dy of 
11-10-* cm.? sec.—. 

Molecular weight. From the determined values 
for the sedimentation and diffusion coefficients, 
assuming a partial specific volume (V) of 0-73, the 
molecular weight was calculated to be 8200 
(Svedberg & Pedersen, 1940). As Syo, has not 
been extrapolated to zero concentration, Dj») was 
determined by a somewhat inaccurate method and 
V estimated only by comparison with similar sub- 
stances, this value is only approximate. However, 
it indicated that the true molecular weight is 
equal to the previously determined minimal weight 
of about 9100. 


DISCUSSION 


It seems plausible that the absorption, transport, 
storage and biological function of vitamin By, 
other cobalamins and vitamin B,, analogues are 
accomplished by the formation of protein or peptide 
complexes. The existence of such entities is fairly 
well established, and the difficulties encountered in 
the early attempts to isolate vitamin By, as 
summarized by Subbarow, Hastings & Elkin 
(1945), may partly be explained by such a circum- 
stance. Lester Smith and his co-workers (Fantes 
et al. 1949) observed some protein-containing 
active fractions during their isolation of the anti- 
pernicious-anaemia factor from liver. Treatment 


with proteolytic enzymes made a further purifica- 
tion possible. Scheid & Schweigert (1950) reported 
that hot water could extract bound forms of 
vitamin B,, and make them available for micro- 
organisms. Wijmenga, Veer & Lens (1950-51) 
found treatment with cyanide to have the same 
liberating effect, whilst converting other cobala- 
mins into the more stable cyanocobalamin. 
Hausmann (1949) and Hausmann & Mulli (1951, 
1952a, b) extracted heat-stable pigments from ox 
liver and other sources, and assumed the vitamin 
B,. activity of these preparations to be due to 
cobalamin peptides. 

Pitney, Beard & Van Loon (1955) investigated 
liver homogenates by paper electrophoresis. Under 
their conditions (electrophoresis of 1-0 and 0-9m- 
sodium chloride homogenates of human-liver tissue 
on Whatman no. 3MM paper with veronal buffer of 
I 0-10 and 0-05 at pH 8-6), the vitamin B,, activity 
(assayed with LHuglena gracilis) was found to 
migrate towards the anode. From these experi- 
ments they considered it evident that vitamin B,,. 
in liver tissue exists in some type of combination 
with protein. They also stated that the specific 
protein in liver responsible for the ‘binding’ of 
vitamin B,, has an electrophoretic mobility similar 
to that of serum £-globulin. 

Our fractionation studies have confirmed most 
of these results. We found vitamin B,, activity, 
however, in several fractions. Differences in 
spectra and availability for micro-organisms that 
could not be explained as denaturation or degrada- 
tion effects indicated the existence of more than 
one type of complex. As it seems possible to 
isolate not only peptide complexes but also some 
high-molecular-weight vitamin B,,. compounds, it 
may be more relevant to discuss questions of de- 
naturation in connexion with further studies of 
such compounds. It will be enough to point out 
that the mild isolation procedure applied in the 
present experiments can hardly cause any appreci- 
able alteration of the primary structure; breaking 
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of covalent bonds seems to be unlikely under the 
conditions employed. 

The plausible idea about the isolated 
vitamin B,,. peptide seems to be that it represents a 
structural unit, occurring also in the whole liver 
cell either as such or possibly as a part of a larger 


most 


arrangement formed, for instance, by 
protein interaction. Its biological role is still an 
open question; it may constitute a storage form 
of vitamin B,,. or take part in some metabolic 
system. 

The of the 
peptide shows a peak at 350 my with a marked 
shift to 361 mp on addition of cyanide. This sug- 
gests a cobalichrome type of connexion between the 
cobalamin and the peptide part (Cooley et al. 1951), 
a view also supported by the absence of cyanide 
absorption in the infrared spectrum of the complex. 


protein— 


absorption spectrum cobalamin 


SUMMARY 


1. A cobalamin—polypeptide complex has been 
isolated from ox liver by a technique involving 
essentially physical methods. The complex was 
obtained as a pink amorphous powder in a yield of 
3°8%, representing a purification of more than 
13 000-fold. 

2. The substance behaved as a single component 
when examined by chromatography and electro- 
phoresis on paper. After acid hydrolysis the 
following amino acids were identified: glycine, 
alanine, threonine, valine, leucine, isoleucine, 
aspartic acid, glutamic acid, tyrosine, histidine, 
cysteine, proline and lysine. 

3. The absorption spectrum has characteristic 
peaks at 274, 350 and 523 my. After addition of 
cyanide the absorption changes to a cyanocobala- 
min type of spectrum with maxima at 274, 361 and 
550 mp. The infrared spectrum of the complex 
shows no absorption in the 4-5, region. This 
indicates the absence of cyanide. 

4. Calculations of the cobalamin content from 
the absorption spectrum at different wavelengths 
gave somewhat divergent results. After addition of 
cyanide more consistent results of 14:7% were 
obtained. 

5. The molecular weight, as determined by 
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cobalt analyses and estimated from sedimentation 
and diffusion data, was found to be about 9100. 


This work is part of an investigation on bound forms of 
vitamin B,,, and is financially supported by the Swedish 
Medical Research Council. 

The author wishes to thank Professor A. Tiselius for his 
kind interest and helpful suggestions. 
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The Digestion and Absorption of Protein by Normal Man 
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The work to be described in this paper was under- 
taken as a prelude to investigations on the digestion 
and absorption of protein in various clinical condi- 
tions, particularly those relating to diseases of the 
intestine. Although a large amount of work has 
been done on protein absorption in the last 50 
years, there is still uncertainty about several 
important points, such as the nature of the di- 
gestion products absorbed by the mucosa or the 
time required for enzymic hydrolysis and actual 
absorption (see Fisher, 1954; Nasset, 1957). It 
appeared to us that N-labelled protein might, 
with advantage, be used in such studies. [!°N]- 
Amino acids, [!*Njammonia and [*N]jurea have 
been used in man, especially by Rittenberg and his 
colleagues (e.g. Sprinson & Rittenberg, 1949a, b; 
San Pietro & Rittenberg, 1953a, b) and also by Wu 
(see Wu, 1951; Wu & Snyderman, 1951; Wu & 
Bishop, 1959; Wu & Sendroy, 1959; Wu, Sendroy 
& Bishop, 1959), but there are only a few publica- 
tions on the metabolism of proteins labelled with a 
stable isotope (White & Parson, 1950; Sharp, 
Lassen, Shankman, Gebhart & Hazlet, 1956; 
Sharp, Lassen, Shankman, Hazlet & Kendis, 1957). 
Protein labelled with I has been used in studies 
on protein digestion in children (Lavik et al. 1952). 


EXPERIMENTAL 


Yeast N-labelled protein. A strain of Saccharomyces 
cerevisiae (The Distillers Co. Ltd. no. 568) was harvested 
from 11. of medium made up as follows: glucose (20 g.), 
(®NH,).SO, (3-1 g.), KH,PO, (2-5 g.), lactic acid (1-7 ml.), 
MgSO,,7H,O (0-5 g.), CaCl, ,6H,O (0-25 g.), FeCl, (1mg.), 
ZnSO,,7H,O (1 mg.), MnCl, (1 mg.), thiamin (2 mg.), 
pyridoxine (2 mg.), inositol (20 mg.), nicotinamide (5 mg.), 
calcium D-pantothenate (4 mg.) and p-biotin (5 yg.). The 
mixture was brought to pH 5-0 with 2n-NaOH (external 
indicator) and autoclaved at 15 lb./in.? for 15 min. in a 2 1. 
conical flask fitted with a sintered-glass air inlet dipping 
into the medium, and a wide-bore outlet tube. The 
(®NH,),SO, was prepared from [!®NJammonium nitrate 
containing 34-7 atoms % excess of »N by the method of 
Schoenheimer & Ratner (1939). A subculture taken from 
a stock slope of the yeast and incubated for 16 hr. was used 
for inoculation. A steady stream of filtered air, passed 
through a sterilized water bubbler, was blown through the 
medium. The whole apparatus was kept at a constant 
temperature of 30° and stirred magnetically. After 18 hr. 
the rate of air flow was increased to a maximum and at 
intervals of 2 hr. for a further 6 hr. 20 g. of glucose was 


added and the pH was adjusted to 5-0 (external indicator) 
with 2n-Na,CO,. After leaving it overnight at 30°, the 
yeast was harvested by centrifuging and washing three 
times with 250 ml. of water and finally collected on a 
Biichner filter. Analysis of the supernatant and washings 
showed that the incorporation of N into the yeast averaged 
93-7 %. The average yield of wet yeast was 38 g./l. Frag- 
mentation of the yeast was carried out in lots of 7 g. in 
50 ml. of water for 2 hr. in a Mullard ultrasonic generator 
(2 kw), type E1790, with a working frequency of 15 
25 keyc./sec.; each batch was then poured into three times 
its volume of chilled ethanol. After centrifuging and 
washing with cold acetone, followed by ether, the resultant 
white powder was extracted twice with 5% trichloroacetic 
acid solution (10 ml. of trichloroacetic acid/g. of wet yeast) 
for 15 min. at room temperature, followed by a similar 
extraction at 90° (Dalgliesh & Dutton, 1956) to remove 
nucleic acids. The residue was washed with a small quantity 
of water, followed by ethanol and acetone, and finally dried 
over KOH followed by P,O;. Average yield was 3-8 g./l. of 
medium, with an average content of 90 mg. of N/g. and an 
average N content of 33-5+.0-3 atoms % excess. 

Enzymic hydrolysis of yeast N-labelled protein. Yeast 
protein was suspended in water (1 g./100 ml.) and brought 
to pH 1-5 with n-HCl (pH meter). The suspension was incu- 
bated at 37° under a layer of toluene after the addition of 
pepsin (The Armour Laboratories, Hampden Park, 
Eastbourne), 10 mg./g. of protein. The pH was adjusted 
from time to time and a further quantity of pepsin added 
after 3 days. The pH was then brought to 8-2 with n-NaOH 
after a further 8 days and pancreatin (Pancrex, high- 
potency pancreatin powder, Paines and Byrne Ltd., 
Greenford) was added (10 mg./g.). The pH was adjusted 
from time to time throughout a further 25 days, more 
pancreatin being added after 15 days. The yellow super- 
natant liquid was then separated from insoluble residue by 
centrifuging. The dry insoluble material contained 6 mg. of 
N/g. The extent of hydrolysis, 61%, was estimated by the 
ninhydrin method of Van Slyke, MacFadyen & Hamilton 
(1941) before and after complete hydrolysis with 3n-HCl 
for 16 hr. at 110°. Amide N (6-4% of total N) was esti- 
mated on a portion of the acid hydrolysate by the method 
outlined for urinary NH, below. 

Recovery of ™N. The “N residues from the media and 
from the washings after distillation of the solvents were 
evaporated with dil. H,SO,. Trichloroacetic acid was 
removed by repeatedly washing with ether. The N was 
then converted into (®NH,),SO, by digestion with conc. 
H,SO,, the overall recovery being 85%. 

Experimental subjects. These were normal healthy 
ambulant adults aged between 30 and 40 years. In the 
first two experiments (C1 and Al), subjects were on a 
known intake of N. Experiment J1 was carried out with 
the subject on a free diet. Yeast protein (about 0-8 mg. of 
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15N/kg. body wt.) was taken just before breakfast in all 
initial experiments and urine collections were made at 
suitable intervals during the first 24 hr., continuing in 
24 hr. lots over the subsequent 2 days. Specimens were 
stored at 4° under toluene. Analyses for NH,, urea and 
total N were made in all specimens. Faeces were collected 
in 24 hr. lots for 6 days in two experiments and for 3 days 
in one, and stored at —30°. In subsequent experiments 
(C2 and 3, A2, 3 and 4), protein or protein hydrolysate (at 
the same N dose as previously in three experiments; in 
two experiments at a lower dose) in 250 ml. of water was 
administered after taking 500 ml. of tap water, after a 
12 hr. fast and with the subjects on free diets. Water 
(250 ml.) was given hourly to maintain a good urine flow 
and a normal meal was allowed 3 hr. after the commence- 
ment of each experiment. The second protein-hydrolysate 
run (A3) was carried out under longer fasting conditions, 
the first meal being taken 10 hr. after the dose of “N was 
given. During these experiments urine collections were 
made at 30 min. or 20 min. intervals for the first 2 hr. and at 
suitable intervals up to 25 hr. Analyses for NH,, urea, and 
«-amino N in the later experiments were made on the early 
specimens of urine. Subsequent urinary and faecal col- 
lections over 3 days were made as in the previous experi- 
ments. Venous blood was withdrawn at intervals during the 
experiments for determination and isolation of urea or 
a-amino N and collected over potassium oxalate or heparin 
respectively. All subjects were weighed daily at noon 
throughout each experimental period. 

Fractionation of urinary nitrogen. Estimations of total N 
and free NH; were made in duplicate by methods which 
allowed for the simultaneous isolation of about 1 mg. 
quantities of N for *N excess determination. Hippuric acid 
was isolated for *N determination only. 

Total nitrogen. Amounts of urine equivalent to about 
5 mg. of N, were digested until clear (0-5-1 hr.) with 3 ml. 
of conc. H,SO, and 3 g. of K,SO,-HgSO, mixture. After 
treatment with zinc dust to prevent interference by Hg?+ 
ions (King & Wootton, 1956), NH, was distilled into 2% 
boric acid and titrated with 0-1N-H,SO, with Sher’s indi- 
cator (Sher, 1955). 

Urinary ammonia. Estimation of this fraction was 
carried out by method A described by Berlin, Neuberger & 
Scott (1956). Ammonia was aspirated into 0-02N-H,SO, 
and back-titrated with NaOH and methyl red indicator 
screened with methylene blue. Preliminary experiments, 
with urine to which known amounts of NH, were added, 
showed recoveries of not less than 98-5%. Isolation of 
NH; by this method and by the phosphotungstate method 
from a sample of urine containing NH, (Berlin et al. 1956) 
gave closely similar values for “N excess (0-067 and 
0-069). 

Urinary urea. Urinary urea was estimated by treatment 
of samples of urine with urease (Hynson, Westcott and 
Dunning Inc., Baltimore, Md., U.S.A.) and aeration of the 
resultant total NH, into standard acid. Values for free 
urinary NH, were then subtracted. Urea N for °N deter- 
mination was then isolated by method B, as outlined by 
Berlin et al. (1956). : 

a-Amino nitrogen. Samples of urine were concentrated 
im vacuo to about one-tenth of their volumes and then 
treated with 3 vol. of ethanol (Westall, 1952). After 
standing for 24 hr. at 0°, the solutions were filtefed, the 
residue was washed with small quantities of cold 80% 
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ethanol and the clear filtrate and washings were evaporated 
under reduced pressure until viscous, and finally diluted 
with water to about one-fifth of the original volume. 
Charcoal, washed with acetic acid (Partridge, 1949), was 
then added (about 1 g./30 ml. of urine) and the urine 
shaken for 30min., giving a colourless solution after 
filtration. The urines were then run on to a column of 
Dowex 50 resin (3 cm. x 1-7 em.), 200-400 mesh in the H* 
form, at about 50 ml./hr. The amino acids were displaced 
with aq. 0-:05m-NH, soln. after washing the column with 
water until the pH was greater than 5-0, and were collected 
in 25 ml. fractions. Ninhydrin-reacting fractions were 
pooled and evaporated under reduced pressure almost to 
dryness and transferred to stoppered tubes. Ammonia was 
removed from the amino acids by ninhydrin as described 
by Sobel, Hirschman & Besman (1945), and aspirated into 
2% boric acid. 

Isolation of hippuric acid. The charcoal residues from the 
urinary «-amino N isolations were eluted on a filter with 
10% (w/v) phenol (Dalgliesh, 1955) until the filtrate be- 
came colourless. After repeated evaporation in vacuo to 
remove the phenol, the filtrates were combined with the 
first washings from the Dowex columns and the combined 
solutions brought to pH 1-0 with HCl and repeatedly 
extracted with ethyl acetate. Hippuric acid which did not 
depress the melting point of an authentic specimen was 
recovered in thick needles on evaporation of the ethyl 
acetate and twice recrystallizing the sticky residue from 
water. Chromatography in butanol-acetic acid—water 
(12:3:5, v/v) on a Whatman no. 1 paper after hydrolysis of 
a small quantity of the hippuric acid with 3n-HCl yielded 
a single ninhydrin-reacting spot with R, identical with that 
of glycine. 

Faecal nitrogen. A 24 hr. sample of faeces was emulsified 
in a blender with 400 ml. of water, and total N was deter- 
mined on a measured specimen equivalent to about 2-3 g. 
of faeces. The digestion and estimations were carried out 
as for total urinary N except that 5 ml. of H,SO, was used. 

Trichloroacetic acid-soluble faecal nitrogen. Emulsified 
faeces (2-3 g.) were extracted three times with 25 ml. 
portions of 5 % trichloroacetic acid. The combined extracts 
were made up to 100 ml. with water and suitable samples 
taken for determinations of total N. 

Blood urea. This was estimated by the method of Van 
Slyke & Cullen (1914). 

Plasma amino nitrogen. Heparinized plasma was depro- 
teinized with an equal volume of 5% trichloroacetic acid 
and after 5 min. was centrifuged at 3000 rev./min. The 
residue was extracted twice with 5% trichloroacetic acid 
in amounts equivalent to 0-25 vol. of plasma, followed by 
removal of the acid by repeatedly washing the combined 
extracts with ether until the pH was greater than 5-0. 
Excess of ether was removed by bubbling air through the 
aqueous solution. Incubation of the deproteinized plasma 
with urease at 37°, followed by the adsorption of the 
resultant NH, on Decalso F, removed the urea. Ammonia 
was then released from the amino acids as described above. 
Test experiments with a solution of amino acids equivalent 
in composition and concentration to human post-absorptive 
plasma (Stein & Moore, 1954) showed that recoveries of 
NH, from the amino acids by the method of Sobel et al. 
(1945) were similar before and after treatment with 5% 
trichloroacetic acid. Since higher values were obtained 
when urea at normal concentrations was added to the 
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solution of amino acids, this was removed by urease and 
adsorption on to Decalso F. Finally, no effect could be 
detected when physiological amounts of uric acid and 
creatinine were added. 

Excess of °N determinations. All specimens of NH, for 
determination in the mass spectrometer (about 1 mg. of N) 
were further digested for 16 hr. with H,SO, and the 
K,SO,-HgSO, catalyst after distillation to remove traces 
of indicator. Excess of ©N was determined by the hypo- 
bromite method outlined by Sprinson & Rittenberg 
(1949 a). 

Enzymic hydrolysis of yeast proteins with large amounts of 
trypsin and chymotrypsin. In these experiments crude 
yeast protein containing about 9-6% of N was used; this 
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In two experiments, Al and C1, the subjects were 
on diets providing 99 and 80g. of protein/day 
respectively, but the caloric intake was insufficient 
with the result that N balance was negative. In the 
third experiment, J 1, a free diet was allowed and N 
balance was not determined, but there was no loss 
of weight. Full details of one experiment (A1) are 
given in Table 1, and the course of excretion of 
labelled N in the urine in the other two experiments 
(C1 and J 1) is shown in Fig. 1. The total labelled N 
excreted in the urine in the first 72 hr. was 30-5% 


material was contaminated with some insoluble polysac- 40 
charide. The enzymic digestion was carried out with shaking 
at 37° in a solution of KH,PO,-Na,HPO, (0-1m; pH 7-2, ba 
measured electrometrically) containing CaCl, (2mm). 2 
Slight cloudiness developed in the solutions owing to pre- z 30 
cipitation of some of the calcium as calcium phosphate. = 
The enzymes used were crystalline trypsin and chymo- °o 
trypsin. At suitable intervals of time 2 ml. of the suspen- Ss 
sion was withdrawn, mixed with 2ml. of 20% (w/v) = 20 
trichloroacetic acid and the suspension was made up to : 
5ml. After standing for 2 hr. the mixtures were filtered g 
and two 2 ml. samples were used for estimation of N. This na 
was done by heating the samples under reflux for 18 hr. $ 10 
after addition of 1-5 ml. of conc. H,SO, containing SeO,, = 

a 


CuSO, and K,SO,. Controls were done by incubating the 
yeast protein by itself and the two enzymes without yeast 
protein. 

RESULTS 
Excretion of labelled nitrogen in the urine and faeces 


In three experiments yeast protein (approx. 
0-8 mg. of N/kg. body wt.) was given to three 
normal subjects in the morning before breakfast. 


0 10 20 30 40 50 60 70 80 
Time (hr.) 


Fig. 1. Cumulative excretion of ™N in the urine. Results 
are given as a percentage of the *N supplied as yeast 
protein. Other experimental details are given in the 
text. O, Expt. Cl; @, Expt. J1. 


Table 1. Excretion of labelled nitrogen in the urine of a normal subject 
who had been fed yeast *N-labelled protein (Expt. A 1) 


The normal subject weighed 83-5 kg. (fully clothed) and received 75-25 mg. of =N in the form of yeast protein after an 
overnight fast. Immediately after the protein meal, the subject was given breakfast. For 2 days before the labelled protein 
was given and for 4 days afterwards the diet supplied 2320 kcal./day and 15-8 g. of N/day. Owing to the low caloric intake 
the daily N balance was negative, varying during the period stated between —1-5g. and —4-2 g./day. 


Total nitrogen Ammonia Urea 
a = 7 = = J —— _ es ee Se oe ised 
Cumulative Cumulative Cumulative 
% excre- % excre- % excre- 
15N tion of 16 tion of 15N tion of 
content ¥N fed content *N fed content *N fed 
N (atom % ¢ N (atom % ‘ N (atom % > 
Time (mg.) excess) Lab (mg.) excess) Xde (mg.) excess) zgh 
(hr.) a b 75°25 d e 75°25 gq h 75-25 
0-1-5 1 242 0-070 1-16 25-9 0-301 0-10 1 059 0-058 0-82 
1-5-3 1 438 0-108 3°22 39°6 0-207 0-21 1 303 0-105 2-63 
3-6 2 543 0-098 6-54 68-0 0-094 0-30 2 182 0-107 5-75 
6-9 2 360 0-088 9-30 84-0 0-058 0-36 1971 0-087 8-01 
9-12 1 700 0-082 11-15 77-0 0-054 0-42 1 358 0-092 9-68 
12-24 7 370 0-062 17-20 291-0 0-028 0-53 5 939 0-070 15-20 
24-48 17 300 0-036 25-45 635 0-028 0-76 14 750 0-040 23-00 
48-72 18 750 0-020 30-47 740 0-015 0-91 15 460 0-021 27-30 
120-144 15 000 0-010 2-00* 
288-312 13 300 0-004 0-71* 


* Non-cumulative values. 








316 


of the amount fed in Expt. A1, and the correspond- 
ing figures for the other two experiments were 31-9 
and 27-4%. In two further experiments in which 
yeast }°N-labelled protein was fed and the subjects 
were allowed free diets (A2 and C2), 26-3 and 
26-6 % of the administered =N was excreted in the 
urine in the first 72 hr. The mean value for the 
72 hr. urinary excretion was 28-5°% when whole 
protein was used, and individual variations in the 
this 
Urinary excretion for 72 hr. when yeast 


five experiments did not exceed 12% of 
figure. 
1°N-labelled protein hydrolysate was substituted 
(A3 and C3) gave values of 23-5 and 28-1%, the 
due to the 
withdrawal of some 250ml. of blood during the 
first 12 hr. of the experiment. The figures for the 
proportion of the fed *N excreted in the urine for 
the first 24 hr. were more variable, and in the five 
protein experiments were 20-7, 16-4, 17-2, 16-1 and 
15-1% (mean value 17-1%) and for the protein 
hydrolysate 18-8 and 13%. The proportion of the 
fed }5N which appears in the urine in the first 24 or 


former low excretion possibly being 


72 hr. is thus appreciably smaller when either 
whole-yeast protein or protein hydrolysate is given, 
than if a single amino acid such as glycine is 
supplied. Sprinson & Rittenberg (19496) found 
that if [°N]glycine is given in amounts similar to 
those of the yeast protein used in the present 
experiments to a person on a normal diet, supplying 
approx. 0-2 g. of N/kg. body wt./day, 30% of the 
15N is excreted in the urine in the first 24 hr. and 
45 % in the first 72 hr.; similar results were obtained 
by ourselves. The subjects given yeast protein had 
a daily intake of 0-16—0-19 g. of N/kg. body wt. 
These findings for yeast protein are in agreement 
with the results of White & Parson (1950), who 
suggested that this difference might be caused by 
the slow absorption of the protein, which has first 
to be hydrolysed. However, data presented later 
in this paper indicate that enzymic hydrolysis of 
the protein is not rate-limiting to any appreciable 
extent and the fast elimination of the labelled N, 
when glycine is fed, is likely to be caused by an 
imbalance of the type discussed by Geiger (1947) or 
by differences in the rates by which the N of 
various amino acids is converted into urea. That 
such differences may be fairly large is indicated by 
the data of Wu & Sendroy (1959). 

The proportion of the fed =N eliminated in the 
faeces varied markedly in different experiments. 
In the experiment described in Table 1 the per- 
centage of the fed }°N excreted in the faeces during 
the first 72 hr. was 5-35 % of the amount fed, and in 
other experiments the corresponding values were 
3°62 and 6-25%. When yeast-protein hydrolysate 
was given, figures of 4-7 and 6-0 % were obtained. 
In the few experiments when collection of the 
faeces was continued beyond 3 days there was 
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Igbo 
generally little more &N excreted. Thus in one 
experiment 0:85% of the labelled dose was ob- 
the 3-day 
whereas only an insignificant amount was found in 


tained in second faeces collection, 
the faeces on the thirteenth day of the experiment. 
A similar situation applies to the total urinary N 
(Table 1). 

However, in one subject only 0-18% of the fed 
15N was excreted in the faeces during the first 
3 days, whereas 3-30 % was obtained in the second 
3-day period, the amount having already decreased 
sharply from 0-064 atom % excess on the fifth day 
to 0-018 on the sixth day of the experiment. Sharp 
et al. (1956) in similar experiments with N- 
labelled yeast found a somewhat higher amount, 
10%, of 5N eliminated in the faeces over 6 days, 
but these authors fed intact dried-yeast cells. 

About 25-30% of the faecal N was soluble in 
trichloroacetic acid; the isotope content of the 
trichloroacetic acid-soluble N was generally closely 
similar to that of the insoluble faecal N. 


Contents of ®N in blood urea and urinary urea 


The urinary urea was found to be already 
significantly labelled in the specimen collected in 
the first 30 min. after ingestion of the labelled 
protein (Table 4); indeed it was found in several 
experiments that the ®N content of the urinary 
urea obtained during the first 20 or 30 min. of the 
experiment varied between 15 and 22% of the 
maximum value. The latter was reached within 
about 60 min. (Table 4, Fig. 2) and then remained 
constant for about 4 hr., to decrease very sharply 
after that time. 

The blood urea (Table 2) showed a similar be- 
haviour ; 
those obtained at the maximum which was reached 
at about 1 hr. and which 
further approx. 4hr. In several experiments (e.g. 
Table 4) in which blood urea and urinary urea were 


was maintained for a 


examined simultaneously a plateau was observed 
In these experi- 
ments the isotope contents were constant generally 
+3%, but the blood-urea values were in- 
variably lower than the urinary-urea figures, the 
differences being about 10%. A similar finding in 
one experiment was reported by San Pietro & 
Rittenberg (1953a), who injected [!*N]urea intra- 
venously. It appears that the assumption made by 
these authors that the mixing of the injected 
labelled urea with the preformed urea of the body is 
complete within about 40min. is not strictly 
correct. It seems more likely that a steady state is 
reached and that differences in isotope content 
between urea present in different ‘compartments’ 
of the body may persist beyond 40 min. An alter- 
native explanation for the differences in the 


which extended for about 4 hr. 


within 


isotope content between blood and urinary urea 





values at 20 min. were already 40% of 


aN 
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: on Table 2. Comparison of the labelling in the blood urea after ingestion of yeast °N-labelled protein 
stion, (Expt. C2) and of yeast *N-labelled protein hydrolysate (Expt. C3) 
nd in The subject (body wt. 82 kg.) consumed 0-89 mg. of »N/kg. in Expt. C2 and 0-83 mg. of °N/kg. in Expt. C3. The subject 
ment. fasted for 12 hr. before ingestion and for 3 hr. after ingestion. —, Not determined. 
ry N [ Expt. C2 Expt. C3 
ania aaa incitiiaiieadia nn ae mnpenedaee ————— apenas 
e fed Time Urea N a content Urea N 16N content 
first (hr.) (mg./100 ml.) (atom % excess) (mg./100 ml.) (atom % excess) 
cond 0-33 10-4 0-049 14-2 0-079 
eased | 0-67 10-2 0-099 14-1 0-108 
der 10 0-121 14-0 0-114 
: 1-5 0-127 13-3 0-118 
sharp 2-0 0-127 13-0 0-117 
ar aN 3-0 — 12-9 0-120 
ci 4-5 0-12 13-7 0-118 
la ! 6-0 0-11 13-9 0-111 
ao 8-0 - = 13-7 0-101 
24-0 14:1 0-059 es _ 
le in | 
f the 
osely 0-5 
/ Content of &N in urinary ammonia 
The maximum )¥N contents of the urinary NH, 
a i 0-4 were 3-5—5-0 times those of the urinary urea both in 
eady i = the protein (e.g. Fig. 2 and Table 3) and in the 
ed in | 3 hydrolysate experiments. The *N content of the 
elled § 03 NH, rose and fell much more sharply than the 
veral | ae corresponding urea figure; thus at about 4-0— 
inary ? 5 4-5hr. the ratio of atom % excess of N in the 
f the & 02 NH, to that of urinary urea was unity (Fig. 2) and 
the | ¥ then fell to values well below 1-0. 
ithin Again the NH, collected during the first 30 min. 
uined 01 in the hydrolysate experiments appeared to be 
ply | somewhat more highly labelled than in the protein 
| experiments (see Table 3 and Fig. 3), but the large 
r be- 0 1 > 3 4 5 6 changes in the »N content of the NH, occurring 
% of | Time (hr.) over a short period of time render a comparison 
ched } Fig. 2. Change of “N content with time of urinary between different experiments in which urine is 
eae ammonia and urinary urea. Expt. A2: subject (83-5 kg. collected over 30 min. somewhat difficult. 
(e.g. body wt.) received 0-9 mg. of 5N/kg. body wt. of whole- The third urine specimen (60—90 min.) always 
were yeast N-labelled protein. The average ™N content for had a lower *N content than the second specimen 
rved the time interval is plotted at the mid-point of the (30-60 _min.), the difference varying between 10 
peri- interval. O, Urinary ammonia; @, urinary urea. and 20%. It would seem likely therefore that the 
rally — ~ a —_—__—__—— — maximum labelling in the urinary NH, occurred 
ein- J may be that there is discrimination between about 50min. after ingestion of the labelled 
, the | ['4Njurea and [N]urea during glomerular filtra- protein. 
1g in tion or more likely during tubular reabsorption. : Baie f ; 
0 & The differences in the urea values between Content of ®N ve plasma and urinary 
atra- experiments in which labelled protein or labelled amino acids 
le by hydrolysate were fed are generally very small. Only a relatively small number of values have so 
cted Thus the ratios in the maximum isotope contents of far been obtained for the changes in *N content of 
dyis } blood urea found in Expts. C2 and C3 respectively plasma and urinary amino acids (Table 5). How- 
ictly were exactly proportional to the amounts of &N fed ever, it appears that the maximum N content in 
ite 1s (Table 2). However, the values obtained at 20 min. the plasma amino acids occurs some time between 
itent were lower in the protein experiment than in the 35 and 50min. after ingestion of the labelled 
nts’ hydrolysate experiment, being 65% of the maxi- protein. The same appeared to apply to an experi- 
Iter- mum figure in the latter as compared with 40% in ment in which a hydrolysate was fed. The values 
the the former. This suggests that enzymic hydrolysis of decrease sharply and at 195 min. the labelling in 
urea} the protein may delay absorption by at most 10min. the plasma amino acids has fallen to 27% of the 
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maximum figure. So far as it is possible to com- 
pare the »N contents of the mixed amino acids of 
urine and of plasma it would appear that the former 
are higher than the latter. This situation is similar 
to that found for urea (Table 4). In both cases the 
urinary material is derived from the arterial blood, 


Table 3. Comparison of the labelling in the urinary 
ammonia of a subject after ingestion of yeast »N- 
labelled protein (Expt. C2) and of yeast *N- 
labelled protein hydrolysate (Expt. C3) 


For experimental details see Table 2. —, Not deter- 


mined. 
Isotope content 
(atom % excess) 
Time a ~ 
(hr.) Protein Hydrolysate 
0-0-5 0-121 0-241 
0-5-1-0 0-490 0-623 
1-0-1-5 0-439 0-435 
1-5-2-0 0-304 0-292 
2-0-3-0 0-205 0-207 
3-0-3-5 — 0-172 
3-0-4-5 0-131 — 
4-5-5-0 — 0-111 
4-5-6-0 0-101 — 
6-0-6-5 - 0-088 
10-6-11-] 0-055 
24-2-24-7 0-038 
0:7 
0-6 
OSE |e 
x 0-4 
€ 
2 
= 03 
Z 
0-2 
0-1 
0 1 2 3 4 5 6 


Time (hr.) 


Fig. 3. Comparison of changes of *N content with time of 
urinary ammonia after ingestion of whole yeast »N- 
labelled protein and yeast N-labelled protein hydro- 
lysate. @, Expt. C2 after feeding whole-yeast protein; 
O, Expt. C3 after feeding protein hydrolysate. Plotting 
is as for Fig. 2. Further details are given in Table 2 and 


the text. 
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whereas the plasma was obtained from a vein. It is 
hoped to examine this point further by a com- 
parison of arterial and venous samples obtained at 
the same time. But it is important to remember 
that the amino acids present in blood are a hetero- 
geneous mixture containing not only amino acids 
derived directly from dietary or tissue proteins, but 
also compounds such as taurine or methylhistidine 
which are products of secondary reactions (see 
Stein & Moore, 1954). This also may explain why 
labelling in the urinary NH, was higher than that 
found in either the plasma or urinary amino acids. 
Moreover, a comparison between the labelling of 
the plasma amino acids and of the urinary amino 
acids is made difficult by the fact that the relative 
composition of these two fractions is by no means 
identical owing to differences in the rates by which 
various amino acids present in the glomerular 
filtrate are reabsorbed by the tubules. 

Further information is obtained by the results 
shown in Table 6. In this investigation urines from 
Expts. A2 (Table 4) and C2 (Table 2) were pooled 
and the ®N contents of amino acid N and of 
hippuric acid measured. The hippuric acid was 
material present in the urines without previous 
administration of benzoate. In both Expts. C2? 
and A2 yeast protein and not a hydrolysate had 
been fed. In these pooled urines the labelling of 
the amino acid N was (apart from the first hour 
sample) considerably higher than in the NH, N and 
the maximum value was obtained in the second- 
hour urine specimen. The hippuric acid was even 
more highly labelled than were the free amino acids. 
When yeast-protein hydrolysate was given, the 
&N content of the urinary amino acids in the 
specimens obtained after the first hour was 2-3 
times that of the urinary NH, and at most twice 


Table 4. Comparison of the labelling in urea of 
venous blood and in urea of urine after ingestion 


of °N-labelled proteins (Eapt. A 2) 


The subject (body wt. 83kg.) consumed 0-9 mg. of 
18N/kg. body wt. in the form of yeast protein. He fasted 
for 12 hr. before ingestion and for 3 hr. afterwards. 

Not determined. 
Urinary urea 
Blood urea. : 


Isotope Isotope 

content content 
Time (atom % Time (atom % 
(hr.) excess) (hr.) excess) 
0°35 0-040 0-0-5 0-016 
0-67 0-068 0-5-1-0 0-081 
1-02 0-081 1-0-1-5 0-101 
1-52 0-091 1-5-2-0 0-101 
2-04 0-087 _ 
3-02 0-098 3-0-3°5 0-101 
4-53 0-087 4°5-5-0 0-101 
6-03 0-085 6-0-6°5 0-085 
8-00 0-075 25°5-26-5 0-049 
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Table 5. Comparison of the labelling in amino acids in venous blood and those in urine 
with that of urinary ammonia 


The subject (body wt. 83 kg.) received yeast N-labelled protein hydrolysate (Expt. A3) at a dose of 0-60 mg. of 
bN/kg. and whole-yeast labelled protein (Expt. A4) at a dose of 0-44 mg./kg. The figures in parentheses after the N 
contents of the plasma amino acids indicate the times (in hr.) at which the blood samples were taken. 


Urine 


Ammonia N- Amino acid N 





Time (atom % excess) 
(hr.) a b a/b 
Expt. A3 
0-0-5 0-102 0-142 0-72 
0-5-1-0 0-322 0-357 0-91 
1-0-1-5 0-312 0-674 0-46 
1-5-2-0 0-208 0-522 0-40 
3-0-3°5 0-111 0-371 0-30 
4-5-5:0 0-085 0-266 0-32 
6-0-6-5 0-068 0-235 0-29 
8-5-9-5 0-055 0-206 0-27 
Expt. A4 
0-0-33 0-040 0-028 1-41 
0-33-0-67 0-158 - -- 
0-67-1-0 0-269 — —_— 
1-0-1-5 0-203 0-157 1-29 
1-5-2-0 0-145 0-124 1-17 
3-0-3-5 0-050 0-050 1-01 


Table 6. Comparison of ®N contents of urinary 
ammonia, mixed urinary amino and 
hippuric acid after feeding of labelled protein 


acids 


Appropriate specimens obtained in Expts. A2 and C2 
(Tables 3 and 4) were pooled and the “N contents of the 
amino acid fraction and of crystalline hippuric acid were 
determined as described. The ammonia values were calcu- 
lated from the ammonia contents and the isotope analyses 
of the individual specimens. 


Time Amino Hippuric 

(hr.) NH, acid N acid N 
Atom % excess of »N 

0-1 0-310 0-312 0-487 

‘1-2 0-334 0-530 0-874 

2-3 0-129 0-350 0-417 

3-45 0-112 0-185 0-168 


that of the plasma amino acids (Table 5). The 
4N content of the various amino acids present in 
the urine may change at greatly different rates 
with time in different experiments, owing to 
factors not clearly understood, and a really satis- 
factory interpretation will only be possible when at 
least some of the amino acids in the urine are 
isolated and the changes of &N content with time 
are measured in pure compounds. 

It is difficult to draw general conclusions from 
our fairly limited data, but it is likely that the 
plasma amino acid N figures present a more con- 
sistent picture than the corresponding urinary 
values. This is suggested by a comparison of the 
plasma results presented in Table 5 (Expts. A3 and 


Plasma. 
Amino acid N 
(atom % excess) 


c ale b/e 
0-089 (0-25) 1-15 1-60 
0-227 (0-75) 1-42 1-57 
0-209 (1-25) 1-40 3-20 
0-151 (1-75) 1-38 3°50 
0-018 (0-17) 2-2 1-56 
0-139 (0-5) 1-14 — 
0-137 (0-83) 1-98 = 
0-114 (1-25) 1-79 1-39 
0-038 (3-25) 1-32 1-3 


A4) and some additional data as yet unpublished. 
In the experiments described in Table 5 the time 
curves of the  ©N content of the plasma amino 
acids are fairly similar, if the differences in the 
amount of *N supplied are taken into account. But 
it must be remembered that in this case, too, the 
185N contents of the amino acids derived from the 
fed labelled protein must be considerably diluted by 
compounds such as taurine or the methylhistidines, 
which presumably have low ¥N contents, within 
the first 1-2hr. after ingestion of the labelled 
protein. 


Enzymic hydrolysis of yeast protein 


Nnzymie experiments in vitro were prompted by 
the finding that the rates of absorption of labelled 
yeast protein and of labelled hydrolysate were 
Borgstrém, Dahlqvist, Lundh & 
Sjévall (1957) investigated the concentrations of 


closely similar. 


trypsin and chymotrypsin in the intestinal con- 
tents of human subjects and found that these 
varied in the duodenum and jejunum between 0 
and 350 yg./ml. for each of the two enzymes. When 
trypsin concentration was related to the time of 
ingestion of a test meal, variations were smaller. 
The average concentration of trypsin was about 
300 pg./ml. and this value was reached 10-20 min. 
after ingestion of a meal. In the first experiment 
the concentrations of both enzymes were 2000 pg. 
ml., i.e. more than twice the highest value which 
has been observed in normal human subjects. 
Under these conditions about half the protein N 
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was changed in 5 min. into a form which is non- 
precipitable by trichloroacetic acid. In the second 
experiment the concentrations of trypsin and 
chymotrypsin were reduced to 400 p»g./ml. but the 
rate of digestion was not greatly reduced. Thus 
about 40% of the protein was broken down in 
5 min. and approx. 60% in 10 min. (Fig. 4). 

In these experiments trichloroacetic acid was 
used to separate proteins and trichloroacetic acid- 
insoluble peptides from _ trichloroacetic acid- 
soluble peptides. It is thus likely that the values 
given in Fig. 4 are misleading if the action of 
trypsin and chymotrypsin is considered in terms of 
the proportion of susceptible peptide bonds split. 
However, the main aim of these experiments was to 
investigate what percentage of the protein was 
degraded in a given time and for this purpose 
trichloroacetic acid appeared most suitable and 
convenient. With the very high concentrations of 
enzymes used, autodigestion had to be considered 
and it was found to be large, but the values given in 
Fig. 4 have been corrected accordingly. This was 
done by incubating the two enzymes alone and 
deducting the of trichloroacetic acid- 
soluble N from the corresponding values in the 
main experiment. 

The pH chosen in these enzymic digestions was 
lower than 7-8, which is generally considered the 
optimum for most peptide substrates. However, 
Borgstrém et al. (1957) have shown that the pH in 


values 


100 


80 A 


60 


40 


20 


Acid-soluble N (percentage: of theoretical) 


0 20 40 60 80 100 


Time (min.) 


Fig. 4. Rate of hydrolysis in vitro of yeast protein by 
trypsin and chymotrypsin. Expt. A, concentrations of 
40 mg. of both enzymes were used in a volume of 20 ml. 
containing phosphate buffer, pH 7-2, and 250 mg. of 
yeast protein. Expt. B, composition was the same 
except that amounts of the enzymes were both 8 mg. 
Temperature, 37°. Rate of hydrolysis was estimated by 
measuring the amount of N soluble in 20% trichloro- 
acetic acid. Corrections for autodigestion of the enzyme 
were made as described in the text. 
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the duodenum is generally about 6-0 and rises in 
the lower ileum to about 7-8. A value of 7-2 
appeared to be close to the average pH of the 
natural environment of these enzymes. 


DISCUSSION 


Comparison of the rate of absorption of whole 
protein with that of protein hydrolysate 


The results of the present investigation indicate 
that the rate of absorption in experiments in which 
whole-yeast protein is fed is more or less the same 
as in experiments in which a hydrolysate is used. 
There are slight differences which are probably 
significant. Thus the blood urea was labelled more 
highly 20 and 40 min. after ingestion when N- 
labelled hydrolysate was given than when N- 
labelled whole protein was fed (Table 2). Similarly, 
urinary ammonia was labelled more highly during 
the first hour after hydrolysate feeding than after 
protein feeding (Table 3) and this seems to apply 
also to the *®N content in the plasma amino acids 
(Table 5). But such differences, if they are signi- 
ficant, are relatively slight. During the first hour 
after ingestion the ®N content in the. various 
plasma and urine fractions examined rises steeply 
and the differences observed could be explained by 
assuming that the average delay in overall ab- 
sorption caused by enzymic hydrolysis of the pro- 
teins to peptides or amino acids does not take 
more than 10 min. 

The idea that there is no marked difference 
between the rate of absorption after feeding whole 
protein and after feeding a hydrolysate is not 
completely novel. Thus Janney (1915) measured 
the time course of the excretion of extra glucose and 
extra nitrogen after administration in three 
different experiments of glucose, protein and acid 
protein hydrolysate to phlorrhizinized dogs. He 
found that there was very little difference between 
protein and hydrolysate. More recently, Gupta, 
Dakroury & Harper (1958) examined intestinal 
contents of rats which had been given test meals 
containing about 75% of sucrose, 5% of corn oil 
and 15% of whole protein or amino acid mixtures. 
These authors noted that there was no significant 
difference in the rate of disappearance of the fed 
nitrogen from the gut between the experiments in 
which protein and the experiments in which amino 
acids were fed. The question arises whether this 
fast rate of overall absorption of whole protein 
indicated in the present experiments and sug- 
gested by the earlier work can be reconciled with 
the assumption tacitly made or expressly stated by 
most workers in this field that protein is first 
broken down to amino acids by the known proteo- 
lytic enzymes pepsin, trypsin and chymotrypsin 
before absorption by the mucosa can occur. 
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Fisher (1954) discussed this problem in some detail 
and came to the conclusion that the evidence for 
the belief that amino acids only are the end pro- 
ducts of digestion of protein is unsatisfactory and is 
at variance with some experimental facts. The 
various possibilities to explain these facts may now 
be considered. 

Protein may be absorbed as such by the mucosal 
cells, and is broken down there or is transported by 
the portal route or is removed by the lymphatics 
to the liver or systemic circulation. Absorption 
of whole protein by the mucosa of the normal 
adult is unlikely to occur, as opposed to the new- 
born of many species in whom large amounts of 
colostrum proteins are absorbed in the first 48 hr. 
of life. But even here there is considerable selec- 
tivity; thus Bangham & Terry (1957) have shown 
that in rats 100 times as much globulin is absorbed 
as albumin and a similar situation exists in the pig 
(McCance & Widdowson, 1959); in the young calf 
no such discrimination is observed (Bangham, 
Ingram, Roy, Shillam & Terry, 1958). However, it 
is generally agreed that in all species examined 
substantial absorption of whole protein ceases 
after the first 2 weeks of life, the one possible ex- 
ception being homologous native plasma protein 
(Dent & Schilling, 1949). As pointed out by 
Newey & Smyth (1959), immunological evidence 
indicating that intestinal absorption of whole 
protein can occur is not relevant to the problem. 

We must therefore assume that some hydrolysis 
of protein occurs before absorption. The work of 
Borgstrém et al. (1957) shows that duodenal 
contents of man may contain about 200-800 yg. of 
trypsin and of chymotrypsin/ml. of fluid within a 
short time after a stimulus is applied. It was found 
in the present work that with concentrations of 
these two enzymes of 400 »g./ml. well over 50% of 
the protein is converted into peptides soluble in 
trichloroacetic acid in 10 min. It seems therefore 
that the conversion of protein into small peptides is 
likely to be a fast process in vivo. The percentage of 
susceptible peptide bonds split may not be so large 
as our results suggest and it seems likely that con- 
version of such peptides into amino acids is 
normally largely carried out by enzymes present in 
the intestinal mucosa. Indeed, Johnston & 
Wiggans (1958) and Newey & Smyth (1959) have 
shown that dipeptides can pass across the mucosal 
barrier and it is probable that this will apply also 
to polypeptides. Evidence was obtained by 
Newey & Smyth (1959) indicating that the peptides 
are hydrolysed inside the mucosal cells, and it is 
thus reasonable to assume that digestion of proteins 
occurs by co-operation of pepsin, trypsin and 
chymotrypsin and by ‘erepsin’, which is a mixture 
of peptidases present in mucosal cells of the gut 
(Wright, Jennings, Florey & Lium, 1940). 
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The overall process of digestion of protein as 
measured in our experiments is remarkably fast. 
Maximum N content in the amino acids of 
systemic blood is reached between 30 and 50 min. 
(Table 5) and may occur somewhat earlier in the 
portal blood. Urinary ammonia also appears to 
have its highest *N content before 1 hr. is passed 
(Tables 3 and 5; Figs. 2 and 3). At 2hr. these 
figures have decreased to about 50% of their 
maximum value. It is difficult to arrive at any 
quantitative data on the rate of absorption from 
these figures for the following reason. The appear- 
ance of the label in certain fractions of systemic 
blood or in urine is the result of a series of reactions 
after the actual absorption. The amino acids are 
presumably first transported by the portal vein to 
the liver, where they mix with fairly large amounts 
of unlabelled amino acids. From there they are 
transferred to the systemic blood where further 
mixing occurs, both with the unlabelled amino acids 
present in the blood and with amino acids found 
in tissues other than the liver. This interchange of 
labelled amino acids between blood and tissue and 
the reversible incorporation of amino acids into 
proteins and other compounds of short turnover 
time will go on in both directions for a long time 
after absorption is completed, and labelled amino 
acids will thus circulate in the blood at a time when 
no appreciable amount of N is transferred across 
the mucosa. 

But the data presented allow the conclusion that a 
significant amount of absorption already occurs within 
15 or 20 min. after ingestion (Tables 2, 4 and 5), that 
the rate of absorption is at its maximum at about 
45 min., but possibly earlier, and that absorption 
may be largely completed within 75 or 90 min. 

The question arises why absorption of protein 
under our experimental conditions is so much 
faster than was observed by other workers. The 
reasons, we believe, are that in the experiments 
under consideration the amount of protein is small 
(< 3g.) and that the protein was not fed together 
with either carbohydrate or, particularly, fat, thus 
reducing gastric emptying time to a very low value. 
The fact that gastric emptying time is the rate- 
determining step in the overall absorption of test 
meals containing fat and carbohydrate in addition 
to protein is shown by the work of Gupta eé al. 
(1958) and Rosenthal & Nasset (1958), who worked 
with rats. Hence our results cannot be applied 
quantitatively to protein absorption under normal 
conditions under which larger amounts of protein 
are consumed together with fat and carbohydrate. 


Formation of urea and ammonia 


The comments made above about the labelling of 
plasma amino acids as indicators of absorption of 
protein apply even more forcibly to urea. The 
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nitrogen atoms of this compound are supplied from 
the amino acids present in the liver and the urea 
formed will mix with the urea already present in 
the plasma, with the urea in the extracellular water 
and with the urea found in cells. San Pietro & 
Rittenberg (1953a) have calculated that urea is 
distributed over a volume of water equivalent to 
about 50% of body wt.; this would mean that in 
our experimental subjects total urea contents 
would be of the order of 5-7 g. of urea nitrogen. 
These authors also found that mixing of intra- 
venously injected urea was essentially complete 
within 20-30 min. and that an amount of urea 
nitrogen equivalent to half the size of the urea pool 
is excreted every 9 hr. Thus in our experiments the 
rate of change of *N in the blood urea will be a 
function of the rate of absorption of labelled amino 
acids from the gut, of the rates of the mixing and of 
metabolic reactions of the amino acids as discussed 
above, of the rate of formation of urea in the liver, 
the rate of mixing of the newly formed urea with 
the large urea pool of the body and finally the rate 
of elimination of urea by the kidney. After 1-5 or 
2hr. the absorption of labelled nitrogen, if it 
occurs at all, will have only a negligible effect on 
the =N content of the blood urea or urinary urea. 
The plateau observed in the *N content of the 
blood urea between 1-5 and 4-5 hr. (Tables 2 and 4) 
indicates that the rate of addition of [}*N]Jurea by 
new formation from labelled amino acids is more or 
less equal to the rate of disappearance of labelled 
urea from the body by elimination through the 
kidney. This conclusion may seem somewhat 
surprising in view of the fact that the *N content of 
the plasma amino acids decreases sharply between 
75 and 200 min. (Table 5; see also Table 6). How- 
ever, the turnover of the urea pool is slow, relative 
to the rates of other reactions under consideration, 
and even in the absence of new formation of 
labelled urea the decrease in the ™N content of 
blood urea between 2-0 and 4-5 hr. would not be 
expected to be more than 15%. 

The high “N content of urinary ammonia 
(Tables 3, 5 and 6; Figs. 2 and 3) at about 30- 
90 min. after ingestion calls for a brief comment. 
It was first shown by Wu (1951) that during the 
first few hours after ingestion of L-[15N]aspartic 
acid the *N content of the urinary ammonia is 
much higher than that of urea and similar results 
were later reported by Wu & Sendroy (1959) for 
several other L-amino acids. Van Slyke e¢ al. (1943) 
have shown that in the dog at least 60 % of urinary 
ammonia is derived from the amide group of 
glutamine. Whether this conclusion also applies to 
man is unknown and it is also uncertain whether 
the high *N content of the urinary ammonia 
observed after the injection of N-labelled amino 
acids other than glutamine is caused by oxidative 


deamination of these amino acids or is due to a 
preliminary conversion of «-amino groups into the 
amide group of glutamine. In any case this 
question is largely irrelevant to the present dis- 
cussion, and further experiments are required to 
settle this point. Both the maximum amounts of 
1N in urinary ammonia obtained in our experi- 
ments and the changes of N content with time 
are of a similar order to those observed by Wu 
(1951) and by Wu & Sendroy (1959). However, we 
may provisionally use the N changes in the 
urinary ammonia as a general indicator of protein 
absorption and assume that the N in this fraction 
originates to some extent from all «-amino acids. 
The fact that the body ‘pool’ of ammonia is almost 
zero, the consequent sharp rise and fall in !N 
content, and the easy measurement make it a 
convenient tool for following protein absorption. 
However, it must be remembered that the isotope 
contents of the mixed amino acids and of hippuric 
acid (Tables 5 and 6) may be appreciably higher 
than that of ammonia. 


SUMMARY 


1. Yeast N-labelled protein and yeast N- 
labelled protein hydrolysate have been fed in 
amounts equivalent to 0-9—0-4 mg. of = N/kg. body 
wt. to healthy human subjects. 

2. The proportions of fed ™N in the urine 
at the end of 72hr. after feeding either whole 
protein or protein hydrolysate were similar, and 
less than when a single N-labelled amino acid 
was fed. Values at the end of 24hr. periods, 
and for faecal elimination of the isotope, were 
more variable. 

3. Comparison between the N content of 
urinary urea and blood urea in the initial stages of 
the experiments showed consistently higher values 
of the former, and both showed almost maximum 
labelling within 1 hr. of ingestion of whole protein 
and protein hydrolysate. 

4. The ®N contents of urinary ammonia in 
both types of experiment rose sharply to maximum 
values in the collection period 30—60 min. after 
ingestion and fell rapidly thereafter. Plasma amino 
nitrogen showed similar time relationships; urinary 
amino nitrogen values were less consistent. It is 
considered that under the conditions of the experi- 
ment hydrolysis of protein within the gut is not 
a major rate-determining factor in its absorption. 

5. In experiments at pH 7:2 and 37° in vitro 
with high concentrations of trypsin and chymo- 
trypsin there was rapid breakdown of yeast 
protein to trichloroacetic acid-soluble material. 

6. The significance of these findings is dis- 
cussed in relation to the problems of digestion and 
absorption of protein in the human subject. 
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Normal and Abnormal Di-iodo-L-Tyrosine Metabolism 
in Human Subjects 


By CHRISTINA CAMERON 
Medical Research Council, Department of Clinical Research, University College Hospital Medical School, 
London, W.C. 1 
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Three human subjects who had been treated for 
myxoedema rapidly deiodinated intravenously 
administered [3:5-1°1I,]di-iodotyrosine, [1*I]iodide 
being the main radioiodine metabolite found in the 
urine after 3 hr. (Albert & Keating, 1951). Sub- 
sequently, normal human subjects also were shown 


to deiodinate [#*'I,]di-iodotyrosine rapidly (Rue- 
gamer & Chodos, 1956, 1958; Stanbury, Kassenaar, 
Meijer & Terpstra, 1956). [1*1I,]Di-iodotyrosine 
has been found in the plasma (Costa et al. 1953) and 
in the urine (McGirr, Hutchison & Clement, 1956) 
after administration of '1I in patients with goitrous 
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after intravenous administration of 
[3%1I,]di-iodotyrosine in such patients, Stanbury, 
Meijer & Kassenaar (1956) recovered labelled di- 
iodotyrosine from the urine. These findings indicate 


cretinism ; 


a defect in the peripheral deiodinating system of 
some goitrous cretins. 

In the investigations of di- 
iodotyrosine metabolism in human beings in whom 


course of some 
thyroid abnormality had been suggested by clinical 
examination, it became apparent that further in- 
formation about normal di-iodotyrosine metabolism 
might be useful. In some of these subjects, for 
which the results are presented here, the rate of 
deiodination was apparently within the normal 
range reported by Stanbury, Kassenaar, Meijer & 
Terpstra (1956), yet small amounts of !*1I-labelled 
compounds of unknown structure were found in 
their urine. As it seemed important to know which 
from normal 
metabolism, further investigation of di-iodotyro- 
sine metabolism in normal subjects was undertaken. 

A secondary object was to compare the meta- 


of these compounds could arise 


bolism of [#*!I,]di-iodotyrosine administered by 
If the rate of 
metabolism of an oral dose was similar to that of an 
intravenous of the rate of 
metabolism of [!*!I,]di-iodotyrosine as a clinical 
test would be simplified, particularly in children. 
Fletcher, Litvak & Stanbury (1958) found that 
doses of orally administered di-iodotyrosine were 


intravenous and by oral routes. 


dose, measurement 


more rapidly deiodinated than intravenous doses, 
although amounts used were about a thousand 
times those used here. 

made of the 
metabolism of [!*1I,|]di-iodotyrosine in a group of 


An investigation was therefore 
six subjects whose peripheral iodine metabolism 
could be considered normal. The fate of [1*1I,]di- 
iodotyrosine administered orally and intraven- 
ously to the same subject was compared. Three of 
the subjects were normal adults whose thyroids 
were ‘blocked’ before di-iodotyrosine was given, 
and four were patients without any functioning 
thyroid tissue, maintained in a euthyroid state by 
thyroxine administration. The latter group had 
previously received therapeutic doses of I for 
destruction of normal thyroid and subsequently of 
thyroid carcinoma. No concentration of ™1I by 
any tissue had been detected in any member of this 
group for at least 2 years before the investigation of 
di-iodotyrosine metabolism. 


EXPERIMENTAL 


[?841,|Di-iodo-L-tyrosine was prepared by exchange as 
described by Tong, Taurog & Chaikoff (1954). The exchange 
solution was made alkaline with aq. 2 N-NH, soln., concen- 
trated to a few drops under reduced pressure at 60° and 
applied in a narrow band to a large sheet (6 in. x 18 in.) of 
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Whatman no. 3 MM paper for chromatography in butanol- 
dioxan-aq. 2N-NH, soln. (4:1:5, by vol.). The labelled di- 
iodotyrosine was located by means of a radioautograph, and 
eluted from the chromatogram in ethanol—aq. 2 N-NH, soln. 
(1:1, v/v) solution which was evaporated to dryness under 
reduced pressure at 50°. The residue was taken up in fresh 
sterile 0-9 °% NaCl soln. and, after sterilization by passage 
through a bacterial filter, the solution was dispensed into 
5 ml. ampoules which were stored in the cold until used. 
Chromatographic analysis showed the preparation to 
contain 90-98 % of [#841, |di-iodotyrosine. 

The I content of solutions used for injection and of the 
urine subsequently collected was measured in a liquid- 
counting apparatus employing a Geiger tube of 10 ml. 
capacity which gave 12 500 counts/min./yo of I with a 
background of 12-15 counts/min. (M6, 20th Century 
Electronics Ltd.). Doses (15-100 yc) of the labelled material 
were given either intravenously or orally. The dose con- 
tained 10-75 yg. of di-iodotyrosine, as calculated from the 
amount of stable di-iodotyrosine used in the exchange. 
Complete collections of all urine passed were made, speci- 
mens being usually obtained 1, 2, 4 and sometimes 6 hr. 
after administration of the labelled material. 

After measurement of the volume of urine and the 
radioiodine content of a sample, 10 ml. of each specimen 
was taken for analysis. This sample was mixed with 10 ml. 
of ethanol and adjusted to pH 8-0-9-0 with 2n-NaOH. A 
few milligrams of carrier NaI were added to the solution, 
which was passed through a packed column of AgCl 
(1 em. x 7 cm.) to remove inorganic iodide (Fletcher, 1957). 
The effluent, which contained the organic iodine com- 
pounds, was neutralized and concentrated under reduced 
pressure at 60° to 2-5 ml. The concentrated solution was 
taken to pH 1-0-2-0 with 9% (w/v) HCl and extracted 
three times with an equal volume of butan-l-ol, a pro- 
cedure which usually removed an estimated 85-110 % of 
the ™I in organic combination. In cases where the 
activity was low (less than 0-002 yc of organic radioiodine| 
ml. of urine), for example, in samples at 4 hr. after admin- 
istration of a small dose (15 uc), a portion of the butanol 
solution was extracted once with an equal volume of 
2n-NaOH. The proportion of activity in the aqueous phase 
was taken as an approximate measure of the proportion of 
the total organic activity which still behaved as iodotyro- 
sine, as the estimate made by chromatographic analy: 
was not always satisfactory in urines of low activity. 

In samples of higher activity, a portion of the first 
butanol extract equivalent to 0-5-3-0 ml. of urine was made 
alkaline with ethanol-aq. 2 N-NH, soln. (1:1, v/v), concen- 
trated under reduced pressure at 60° and applied as a 
narrow band 1 in. long to a strip of Whatman no. 3MM 
chromatography paper (1-5 in. x 18 in.). Micro amounts of 
carrier substances (iodide, 3-mono- and 3:5-di-iodotyrosine 
and 3:5-di-iodo-4-hydroxyphenyl-lactic acid) were applied 
to the band in ethanol-aq. 2N-NH, soln. (1:1, v/v). 
Duplicate chromatograms were usually run in butanol- 
dioxan—aq. 2N-NH, soln. (4:1:5, by vol.) and in butan-l- 
ol-2 n-acetic acid (1:1, v/v). 

The radioiodine content of the separated components 
was usually measured by means of an automatic scanning 
device employing a mica end-window Geiger tube (EW 3 H, 
20th Century Electronics Ltd.), which gave approx. 
60000 counts/min./uc of I with a background of 





20 counts/min. The mica window was shielded by a brass 
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plate with a 2 mm. slit through which the chromatogram 
was viewed. The chromatogram was drawn through 
mechanically at 1 in./hr., the counts being recorded auto- 
matically at the same time. No attempt was made to 
calculate the absolute amount of ™!I in any component. 
Radioautographs of all chromatograms were made on 
Ilford Industrial X-ray film, which required an exposure 
time of 2 weeks. 

The carrier substances were located by staining with a 
solution of equal parts of ceric sulphate (1% in n-H,SO,) 
and sodium arsenite (5% in N-H,SO,) mixed immediately 
beforehand. The chromatograms were sprayed with a 
solution of 1 % o-phenylenediamine in acetone (Fletcher & 
Stanley, 1955). In the latter part of this work the chro- 
matograms were then sprayed with concentrated aq. NH;, 
which neutralized the N-H,SO, and thereby prolonged the 
life of the paper. The position of blackened areas on the 
film was compared with that of carrier substances on the 
chromatograms. The 2, values of any ™I-labelled com- 
pounds of unknown structure were noted. 


RESULTS 


Table 1 presents the quantitative results of the 
excretion of 1*1I after the administration of [1*1I,]di- 
iodotyrosine to nine control subjects. Five of the 
subjects were healthy volunteers (nos. 1—5), of 
whose thyroids three had been ‘blocked’ by prior 
administration of 50mg. of sodium iodide (nos. 
1-3). Four others (nos. 6-9), who were patients 
who had been treated with large doses of 111 for 
thyroid carcinoma, were without any functioning 
thyroid tissue and were being maintained in a 
euthyroid state by administration of thyroxine. 
Subject no. 9 also had urinary tuberculosis. 

It was observed that when the volume of the 
butanol extract used for chromatography was 
derived from more than 1 ml. of urine, some activity 
was found at or near the origin of chromatograms 
developed in butan-1-ol—acetic acid, and sometimes 
in butan-1l-ol-dioxan—aq. NH, soln. In analyses 
where an extract derived from more than 1 ml. of 
urine was used the average amount of this fraction 
was 25% of the I in organic combination for 
oral doses, and 15% for intravenous doses of 
(11, ]di-iodotyrosine. It seems probable that the 
fraction is an artifact arising during chromato- 
graphy. When more than 1 ml. of urine must be 
extracted to concentrate sufficient of 1°1I-labelled 
compounds for detection on the chromatogram by 
means of a scan or a radioautograph, the salt which 
is extracted from the urine and carried on to the 
paper with the iodine compound is enough to 
cause artifact formation. Small amounts of other 
components, representing from 1 to 5% of the 
activity other than iodide, were observed near di- 
iodotyrosine on the scans and radioautographs of 
chromatograms developed in butan-1-ol—acetic 
acid. Their chromatographic behaviour was not the 
same as that of either 3-monoiodotyrosine or 3:5- 
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di-iodo-4-hydroxyphenyl-lactic acid. The degree of 
separation achieved in chromatograms developed 
in butan-l-ol-dioxan—aq. NH, soln. was _ not 
usually sufficient to resolve iodotyrosines and the 
fraction of 1°11 found near the origin of the chro- 
matograms which was regarded as being an 
artifact. 

The quantitative results of the metabolism of 
[}*4I, ]di-iodotyrosine in nine patients with thyroid 
abnormality are presented in Table 2. The status 
of thyroxine administration at the time of investi- 
gation is noted in each case. One subject, no. 6, 
was investigated when thyroxine administration 
had been stopped for 4 weeks and again when 
administration had been resumed. The results 
differ markedly on the two occasions: 20-3 % of the 
label was excreted during the first 4 hr. in organic 
combination when thyroxine was not being ad- 
ministered, a value much greater than the normal 
mean of 4:7 (+0-4 S.E.; s.D. 1-1). This organic 
fraction was only 50-70% soluble in butanol. 
Heating the urine at 40° at pH 4-5 or 5-4 improved 
the butanol solubility of the ™I in organic com- 
bination, but the components which were rendered 
soluble by such treatment were of unknown 
structure. A short period of heating produced a 
component immobile in butanol—dioxan—aq. NH, 
soln., but longer periods of 6 or 7 hr. produced a 
component running between the origin and di- 
iodotyrosine in butan-1l-ol-dioxan—aq. NH, soln. 
When this subject was receiving thyroxine, the 
organic fraction of 1'I in the urine was soluble in 
butanol, and the proportion of the fraction appear- 
ing on radioautographs of the chromatograms as 
components of unknown structure was no greater 
than that observed in normal subjects, and so may 
have consisted only of artifacts. 

In another case (no. 5, Table 2) an important 
amount of an unknown component was observed 
on the chromatogram developed in butan-1-ol— 
acetic acid to run between the origin and iodide. 
However, the quantitative results did not suggest 
an abnormality of di-iodotyrosine metabolism, as 
the amount of radioactivity appearing in organic 
form in the urine was little, if any, above the 
normal range. 


DISCUSSION 


The mean value for the percentage of the intra- 
venous dose excreted in organic form during the 
first 4hr. was 4:7 (+0-4 s.E.; s.p. 1-1). 
greater than the value which may be calculated 
from Stanbury, Kassenaar, Meijer & Terpstra (1956) 
of 2-31 (+0-17 s.z.; s.p. 0-99). The difference is 
probably explainable by the difference in the 
method of analysis. In the work presented here the 
organic fraction of I was taken as all that re- 
maining after the removal of [!*I}iodide on a 
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Table 2. Metabolism of [3:5-'1I,|di-iodotyrosine in subjects with thyroid abnormality 
Doses of di-iodotyrosine were administered intravenously except to patient no. 9, who was given the dose orally. 
Thyroid Time Cumulative 
medication Dose after Cumulative percentage 
) at time of of DIT dose percentage of dose in 
No. Age Sex Diagnosis investigation (ug) (hr.) of dose organic form 
} l 14 F  Goitre, hypo- Thyroid ‘block’ 25 1 8-8 1-9 
thyroidism with 1 g. of KI 2 15-8 3-4 
3 21-1 4-1 
4 27-1 4:5 
2 13 M_ Goitre, hypo- Thyroid ‘block’ 25 0-75 7-5 1-1 
thyroidism with 1 g. of KI 5-25 33-2 5-2 
} 3 11 F  Goitre None 10 2 24-7 4-8 
4-5 38-4 6-7 
5-5 40-6 6-9 
+ 4 F  Goitre? None 5 1 6-5 13 
2 11-7 2-0 
6 14-6 2-4 
5 9 F  Goitre None 10 1 14-1 4-2 
2 22-4 5°7 
4 32-9 73 
} 6 41-1 8-0 
6 16 F Hypothyroidism Thyroxine stopped 75 1 17-5 13-8 
for 4 weeks 2 23-1 18-7 
4 25-0 20-3 
6 26-6 21-9 
8 27-6 22-6 
Thyroxine resumed 25 1 13-0 3°3 
2 16-9 4-2 
; 4 20-0 5-2 
6 22-4 5-8 
! } 7 12 M Hypothyroidism Thyroxine stopped 40 0-6 + 0-1 
for few days 3-1 13-5 1-75 
9-25 17-8 1-77 
) 8 17 M _Goitre Todopyrin 25 1 8-3 2-7 
, 2 15-2 4-6 
j 3 18-4 55 
4 20-2 6-0 
9 + M sGoitre 50 mg. of 25 1 0-1 0 
} thyroxine daily (orally) 3 14-8 1-2 
4 22:2 1-6 
6 31-3 2-0 
10 10 Ms sOGoitre 30 mg. of 25 0-75 13-6 4-2 
thyroxine daily 3 23-6 7-6 
5 25-4 8-2 


| column of silver chloride. An appreciable propor- 
tion of this organic fraction is not in fact di- 
} iodotyrosine. Stanbury, Kassenaar, Meijer & 
Terpstra (1956) calculated the amount of [?*"I,]di- 
iodotyrosine from a scan of a chromatogram either 
of the whole urine, or of a butanol extract of the 
| whole urine. Their value of 2-31 % is therefore the 
amount of [11], ]di-iodotyrosine which has not been 
metabolized in any way during the first 4hr., 
whereas the mean value of 4:7 % obtained here is 
the total of di-iodotyrosine and any of its meta- 
bolites which have not been deiodinated. 
The mean value of 4-7 (+ 0-4 s.z.; s.D. 1-1) % of 
the dose excreted in organic form during the first 
4hr. after an intravenous dose is significantly 


greater than the mean value of 2-4 (+ 0-2 s.E.; s.D. 
0-4) % excreted during the first 4 hr. after an oral 
dose. The difference may be due in part to the time 
taken for absorption of an oral dose of di-iodotyro- 
sine from the intestine, but also suggests a more 
rapid deiodination of oral doses. In three subjects 
(nos. 1, 2 and 3, Table 1) collections were continued 
until 6 hr. after an oral dose, but even with the 
addition of this increment the total of the organic 
radioiodine excreted was less than that excreted 
during the first 4 hr. after an intravenous dose in 
the same subject. Moreover, the amount of 
organic radioiodine excreted during the 4-6 hr. 
period after an oral dose was less than that ex- 
creted during the preceding 2hr. period, which 
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indicates therefore that the cumulative total of 
organic radioiodine over longer periods will always 
be smaller after oral doses than after intravenous 
doses. 

The ratio of [3:5-11I, ]di-iodotyrosine to [3:5-1*4I,]- 
di-iodo-4-hydroxyphenyl-lactic acid in the urine is 
greater during the first 2 hr. after an intravenous 
dose than at any time after an oral dose. Thus it 
appears that deiodination and deamination may 
both be occurring in the intestine. However, the 
difference between the mean 4hr. values of 
organic radioiodine excreted by normal subjects 
after intravenous and after oral doses (Table 1) is 
sufficiently constant to suggest that abnormal 
metabolism of di-iodotyrosine could be detected 
after an oral dose. 

A highly significant difference was observed 
between the results obtained in one subject (no. 6, 
Table 2) for metabolism of an intravenous dose after 
thyroxine administration had been stopped for 
4 weeks, and those after administration had been 
resumed. In the first test 20-3% of the dose 
appeared in organic form during the first 4 hr., 
and in the second test 5:-2%, a value which is 
within the normal range. It is unlikely that the 
difference in rate of deiodination is the result of 
myxoedema itself. Stanbury & Litvak (1957) have 
shown that myxoedematous patients can deiodin- 
ate di-iodotyrosine at a rate which is nearly 
normal. Moreover, the organic fraction of radio- 
activity which appeared in the urine was apparently 
quite normal when the subject was taking thyr- 
oxine, but grossly abnormal after administration 
had been stopped. An inability to deiodinate di- 
iodotyrosine peripherally has been ascribed to an 
enzyme defect reflecting the lack of the deiodinase 
enzyme in the gland (Stanbury, Meijer & Kassenaar 
1956). In the subject investigated here, the peri- 
pheral defect is apparently reversible by administra- 
tion of thyroxine. 

The proportion of the dose appearing in organic 
form in the urine during the first 4 hr. is 8-2 % in 
subject no. 10 (Table 2), which is higher than 
normal although no abnormal metabolites were 
detected by chromatography. The subject there- 
fore exhibits only the quantitative aspect of the 
abnormality, but it should be noted that thyroxine 
was being administered at the time of the investi- 
gation. 

In another subject (no. 5, Table 2) the proportion 
of the dose excreted in organic combination during 
the first 4 hr. is 7-3%, which is greater than the 
normal mean, plus two standard deviations 
(4-7+ 2-2), but the normal standard deviation has 
not been established with accuracy sufficient to 
show if this difference is significant. In this subject 
a *1]-labelled compound was detected on radio- 
autographs of chromatograms run in butan-1l-ol— 
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acetic acid which did not coincide with either 3:5- 
di-iodotyrosine or 3:5-di-iodo-4-hydroxyphenyl- 
lactic acid. In normal subjects the }I-labelled 
artifacts detected on chromatograms run in 
butan-1l-ol—acetic acid occurred at the origin, but 
the compound of unknown structure detected in 
the urine of this subject had R, 0-1. This compound 
may therefore be an abnormal di-iodotyrosine 
metabolite but the results of the test are not con- 
clusive in this case. 

In conclusion it would seem that some hypo- 
thyroid subjects do not deiodinate di-iodotyrosine 
normally but that treatment with thyroxine may 
restore deiodination to normal (no. 6, Table 2). 
This finding confirms that of Mosier, Blizzard & 
Wilkins (1958), who investigated two goitrous 
cretins whose rates of deiodination of di-iodotyro- 
sine were slow and found they were able to deiodin- 
ate at a normal rate after treatment with thyroid 
extract. However, other hypothyroid subjects may 
deiodinate normally before treatment with thyr- 
oxine (nos. 1 and 2, Table 2). This finding is in 
agreement with that of Stanbury & Litvak (1957), 
who found that myxoedema itself does not cause a 
defect in peripheral deiodination of di-iodotyrosine. 


SUMMARY 


1. Di-iodotyrosine metabolism in normal adults 
has been investigated by analysis of urinary iodine 
compounds after intravenous or oral administra- 
tion of [3:5-1*1I, ]di-iodotyrosine. 

2. The proportion of the label appearing in 
the urine as iodide is greater during the first 
4 hr. after an oral dose than after an intravenous 


dose. 


3. Results of similar investigations in a group of 


patients with goitre and hypothyroidism are 
presented. 

4. In one hypothyroid patient, an abnormally 
slow rate of deiodination of di-iodotyrosine became 
normal when the subject was receiving thyroxine. 


5. Two subjects who were regarded as hypo- 


thyroid had a normal rate of deiodination of 


di-iodotyrosine. 
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Radioiodine Compounds of Human Urine after '*'I Therapy 
1. FRACTIONATION 
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(Received 4 May 1959) 


After administration of radioiodine (I) in 
therapeutic amounts for the treatment of thyro- 
toxicosis and thyroid carcinoma, organic }*1]- 
labelled compounds appear in the urine, due in 
part presumably to the destruction of thyroid 
tissue by radiation from I taken up by the gland. 
Concentration of these compounds for identifica- 
tion is difficult, since the total quantity of iodine 
excreted per day as iodide and as organic iodine 
compounds is small in comparison with the other 
constituents of urine. 

Rall (1950) made quantitative estimates of the 
organic radioiodine compounds in such urine by 
precipitation with zinc hydroxide according to the 
Somogyi technique. The organic iodine fraction was 
also concentrated by butanol extraction and 
fractionated by phenol—water chromatography. 
Horst & Heuwieser (1957) employed butanol 
extraction followed by chromatography in butanol— 
dioxan—ammonia for the identification and quanti- 
tation of radioiodine compounds in urine. 

Such methods were found by Fletcher (1956, 
1957 a) to be of limited use as the degree of separa- 
tion achieved was poor, and in most cases too little 
of any one organic compound could be isolated to 
permit a detailed study and conclusive identifica- 
tion. A method was therefore developed in which 
the organic iodine fraction was concentrated on 
ion-exchange resin (Zeo-Karb 215) after removal of 
inorganic iodide on a column of silver chloride. 
Extraction of the organic fraction into butanol and 
chromatography of the extract on large sheets of 
chromatography paper (6 in. x 18in., Whatman 
no. 3MM) effected partial separation of the 
mixture of iodine compounds. Each component of 
the original mixture thus fractionated had then to 
be subjected to further paper chromatography to 
complete the separation of radioiodine compounds. 


The method was applied to the study of the urines 
of the fifth day after administration of 80 mc of 
131T for destruction of normal thyroid tissue and of 
150 me for treatment of thyroid carcinoma, at 
which time the proportion of radioiodine in organic 
combination in the urine was maximal, comprising 
5-10 % of the total. The major components of the 
organic radioiodine fraction were identified as 
3:5-di-iodotyrosine and 3:5-di-iodo -4-hydroxy- 
phenyl-lactic acid (Fletcher, 19575). 

In order to study the other minor components 
observed by Fletcher (19576) and to isolate the 
organic iodine fraction from urines excreted 24- 
72 hr. after therapy, in which the proportion of 
radioactivity in organic combination is usually 
only 1-2%, a modification was introduced to 
avoid the losses caused by deiodination and by 
decay of activity during the stages of paper 
chromatography. Kieselguhr-column chromato- 
graphy was employed (Gross & Pitt-Rivers, 1952, 
1953) in the isolation of 3:5:3’-tri-iodothyronine 
from rat thyroid and in the study of the 11I- 
labelled compounds excreted in the urine after 
administration of [3’:5’-11I, ]thyroxine and [3’-1T]- 


3:5-tri-iodothyronine to dogs (Flock, Bollman, 
Grindlay & Orvis, 1956; Flock, Bollman & 
Grindlay, 1957). The methods described were 


applied to the separation of mixtures of iodine 
compounds of known structure, but the recovery of 
the iodotyrosines was poor. Similarly, the re- 
covery of organic radioiodine compounds was poor 
when the methods were used to fractionate the 
mixture concentrated from urine after }*1I therapy. 
The method described here, which gave an im- 
proved recovery of organic radioiodine compounds, 
was developed by fractionation of aqueous mix- 
tures of iodine compounds of known structure on 
kieselguhr columns packed in aqueous solvents. 
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EXPERIMENTAL 


The method employed by Gross & Pitt-Rivers (1952, 1953) 
to obtain chromatographically purified 3:5:3’-tri-iodo- 
thyronine from rat thyroid was employed to fractionate 
mixtures of mono- and di-iodotyrosine. After mixing 10 g. 
of acid-washed kieselguhr with 8 ml. of 0-5Nn-NaOH, 
CHCl, saturated with 0-5N-NaOH was added, forming a 
slurry which was packed into a column (1 cm. x 30 cm.) 
with the aid ofa glass rammer. A solvent consisting of 20% 
(v/v) of chloroform in butan-l-ol saturated with 0-5N- 
NaOH was passed through the column to replace the 
packing solvent. About 0-5 cm. of asbestos was packed on 
the top of the column and the mixture of compounds to be 
fractionated was applied in a minimum volume of 0-5nN- 
NaOH. More of the slurry used for packing was poured on 
to the column to inhibit the removal of the stationary phase 
as the eluting solvent passed through the column. 

Mixtures of 0-5-200 mg. of mono- and di-iodotyrosine 
were used, in some cases with addition of [*4I,]di-iodo- 
tyrosine prepared according to the method of Tong, 
Taurog & Chaikoff (1954). The fractions containing iodo- 
tyrosine were detected chemically by the addition of 
0-25 ml. of 5% (w/v) sodium arsenite in N-H,SO, and 
0-1 ml. of 1% (w/v) ceric sulphate in n-H,SO, to 3 or 4 
drops of the eluate; 2g. of di-iodotyrosine or l yg. of 
iodide was shown to cause a rapid loss of colour from the 
solution. A drop of each fraction containing iodotyrosine 
was applied to a strip of Whatman no. 1 chromatography 
paper for development in butan-l-ol-2Nn-acetic acid (1:1, 
v/v). The developed chromatogram was stained with a 
solution of equal parts of 5% sodium arsenite in n-H,SO, 
and 1% ceric sulphate in n-H,SO, and sprayed with 1% 
o-phenylenediamine solution in acetone (Fletcher & 
Stanley, 1955). 

Only 60-75 % of [84I,]di-iodotyrosine could be recovered 
from the column even when elution was continued long 
enough to strip the stationary phase from the column. 
Mono- and di-iodotyrosine could not be separated from 
each other either by elution with butan-l-ol-CHCl, 
(4:1, v/v) as used by Gross & Pitt-Rivers (1952, 1953) for 
purification of 3:5:3’-tri-iodothyronine or with butan-1-ol- 
propanol (4:1, v/v) equilibrated with 2n-NaOH (Flock 
et al. 1956, 1957). Separation and recovery were not im- 
proved by variation in the pH of the solvent used in 
packing. 

Packing the column in the bottom phase of butan-1-ol- 
CHCl,-water (4:1:5, by vol.) and eluting with the top 
phase, followed by the top phase of butan-1-ol—propanol— 
water (4:1:5, by vol.) gave a better recovery of the applied 
iodine compounds. Iodide was rapidly eluted, followed by 
thyroxine and more slowly by iodotyrosines. Chromato- 
graphic analysis showed that there was some overlap of 
components, some fractions containing a mixture of 
thyroxine and iodotyrosine, but the method was found to 
be useful in fractionation of the mixture of '1I-labelled 
compounds concentrated from urine after ™'I therapy 
because a better recovery of applied radioiodine was 
achieved. 

Urine collections were made over 24hr. periods in 
bottles containing 5 g. of Na,SO, to reduce the likelihood of 
artifact formation by oxidation, 1 g. of NaI to lower the 
specific activity of any possible artifacts and 5g. of 
Na,HPO, to maintain the pH near neutrality. This last 
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precaution was necessary because it had been found, in 
control experiments with normal urine to which 1J- 
labelled compounds were added, that at alkaline pH values 
some deiodination of di-iodotyrosine occurs and that, at 
acid pH values, di-iodotyrosine forms artifacts which have 
a high Rp, on paper chromatograms of the urine run in 
butan-1-ol-dioxan—aq. 2N-NH, soln. (4:1:5, by vol.). 

The radioactivity of a sample (10 ml.) of the total collec- 
tion was measured in the liquid-counting apparatus 
described in the preceding paper. The proportion of organic 
radioiodine in the sample was determined by measuring the 
radioactivity remaining after removal of iodide on a small 
column of AgCl (1 cm. x7 cm.) according to the method 
developed by Fletcher (1957a). Depending upon the pro- 
portion of #4] in organic combination, a volume of 100- 
300 ml. of urine was taken such that 10-200 of organic 
radioiodine could be recovered after removal of radioiodide 
on a large column of AgCl (3 cm. x 40 cm.). The organic 
fraction was concentrated on Zeo-Karb 215 (200-400 mesh, 
Na form) and eluted in a minimum volume (100-200 ml.) 
of ethanol-aq. 2n-NH, soln. (1:1, v/v) (Fletcher, 1957a). 
The solution was concentrated under reduced pressure at 
50° to a volume at which crystallization of the salts still 
associated with the organic iodine compounds first began to 
occur (20-50 ml.). The concentrated solution was taken to 
pH 1-2 with 9% (w/v) HCl and extracted twice with an 
equal volume, and once with a half volume, of butan-1-ol. 
The extract was made alkaline with ethanol-aq. 2n-NH, 
soln. (1:1, v/v) and concentrated to 2-5 ml. for column 
chromatography. 

The column was prepared by mixing 75 g. of acid-washed 
kieselguhr with the bottom phase of butan-l-ol-CHCl,- 
water (4:1:5, by vol.) to form a thin slurry, which was 
poured into a column (2 cm. x 50 cm.), care being taken to 
avoid entrapping air. During the next 4 hr., as more of the 
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Fig. 1. Elution of the radioiodine compounds of urine 
from a kieselguhr column. Solvents used were: (1) 
butan-1-ol-CHCl, (4:1) equilibrated with water, followed 
by (2) butan-1-ol-propanol equilibrated with water. The 
change of solvent is indicated by the arrow. 
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Elution was not always taken to completion, as 
in Fig. 1, because only the first peak contained the 
compounds of particular interest for subsequent 
identification studies. In experiments where com- 
plete elution was performed the recovery was at 
least 75%, that of the example shown in Fig. 1 
being 90%. When elution was not completed, the 
amount of fraction A of !*1-labelled compounds 
(Table 1) was estimated by the difference between 
the amounts of the applied radioiodine and of the 
radioiodine eluted in the first peak, applying a 
correction, if necessary, for any of fraction A 
which was found in the first peak. That such an 
estimate was justified could be shown by extrusion 
of the packing material from the column after 
elution of the first peak, and fractionation of the 
remaining 11J-labelled compounds by extraction. 
Of the radioiodine of samples of this material in 
butan-1l-ol solution 80-90% could be removed by 
one extraction with an equal volume of 2N-sodium 
hydroxide. As a similar distribution of [?*1I,]di- 
iodotyrosine between 2N-sodium hydroxide and 
butan-l-ol can be demonstrated, it is probably 
justifiable to regard the ™1I-labelled compounds 
remaining on the column after elution of the first 
peak as [}*![,]di-iodotyrosine and [3:5-'*'I,]di- 
iodo-4-hydroxyphenyl-lactic acid. The amounts of 
fractions B, C and D were the radioactivities of the 
131] labelled compounds eluted from the chromato- 
grams of the first peak. 

Fraction A formed the major part of the ™ 1] 
in organic combination which was recovered after 
column chromatography of the organic radioiodine 
of any 24hr. urine collected from 48 to 142 hr. 
after 11] therapy for either thyroid carcinoma (19 
experiments) or for thyrotoxicosis (two experi- 
ments). In some experiments fraction A was also 
the major component during the first 48 hr. after 
thyroid-carcinoma therapy. 

Compounds running between iodide and _ thyr- 
oxine in butanol-dioxan—aq. 2N-ammonia (frac- 
tion B) usually comprised 5-10% of the organic 
radioiodine in collected after thyroid- 
carcinoma therapy. In two cases, however, 25% 
radioiodine was found in this 


urines 


of the organic 
component in urine collected between 24 and 
48 hr. after thyroid-carcinoma therapy. None 
of this component was observed in the urine 
of two cases examined after ™!I therapy for thyro- 
toxicosis. 


The radioactivity of the component of R, 


similar to that of thyroxine in butan-1-ol—dioxan 

aq. 2N-ammonia (fraction C) was usually about 
5% of the total organic radioiodine in urines col- 
lected more than 48 hr. after thyroid-carcinoma 
therapy, but was frequently absent between 0 and 
48 hr. This component was not detected in the 
urine after thyrotoxicosis therapy and was shown 


1960 


by work described in the next paper to be separable 
by paper chromatography from thyroxine and 
from 3:5:3’-tri-iodothyronine. 

Thyroxine and_ 3:5:3’-tri-iodcthyronine were 
never detected in the urine after thyroid-carcinoma 
therapy, but 3:5:3’-tri-iodothyronine formed a 
substantial part of the organic radioiodine fraction 
after thyrotoxicosis therapy (see Table 1). 

The zone near the solvent front in the butanol 
dioxan—aq. 2N-ammonia system (fraction D), con- 
taining 5-25 % of the organic radioiodine, probably 
consisted of a physical mixture of [*1I iodide and 
pigments, or of chemically unstable artifacts. 
When the fraction was eluted and subjected to a 
second paper-chromatographic fractionation, only 
[?*1I iodide was detected on radioautographs or on 
scans. As the compounds formed by di-iodotyro- 
sine in urine at acid pH have R&, values in the 
butanol-dioxan—aq. 2N-ammonia system similar to 
that of this zone, but are chemically stable, it is 
unlikely that the zone consists of any such artifact. 


DISCUSSION 


The failure of the methods of kieselguhr-column 
chromatography developed by Gross & Pitt- 
Rivers (1952, 1953) and by Flock et al. (1956, 1957) 
to give a satisfactory recovery of urinary organic 
radioiodine compounds is probably caused by the 
presence of a preponderance of organic material 
other than iodine compounds in the mixture of 
material which is concentrated from urine and 
applied to the column. Under these conditions the 
chromatographic properties of the iodine com- 
pounds will have little or no effect on the order of 
elution of the components of the mixture of organic 
compounds. The method developed here is prob- 
ably more like an extraction process than a true 
chromatographic fractionation, but considerable 
advantages are gained by its introduction into the 
procedure of Fletcher (1957a) for concentration and 
fractionation of the iodine compounds of urine 
after I therapy. First, the iodine fraction may 
be more rapidly and completely purified, and 
secondly the components of the iodine fraction are 
more easily fractionated in subsequent paper 
chromatography. It was found that if the method 
developed by Fletcher were used, minor com- 
ponents had to be submitted to several paper- 
chromatographic fractionations before a degree of 
purification was achieved which was sufficient to 
permit further study to be undertaken. Each stage 
of paper chromatography was, of course, accom- 
panied by losses due to radioactive decay and to 
deiodination. In the method described here these 
fractions may be eluted from the first paper 
chromatograms in a state of purity enabling 
further studies to be begun at once. 
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The method cannot be used to measure the 
amount of each 11J[-labelled compound quanti- 
tatively because of the losses of organic radioiodine 
(see Table 1) at each step. Quantitative analyses of 
the organic radioiodine fraction is probably best 
performed by removal of iodide on a column of 
silver chloride followed by butanol extraction and 
paper chromatography of the remaining organic 
iodine compounds. The method described here is 
primarily useful for concentrating the organic 
iodine compounds for qualitative study. Its use is 
limited to urines of relatively high radioactivity, at 
least 0-003 po of organic radioiodine/ml., and it is 
therefore not applicable to study of organic radio- 
iodine compounds of urine after tracer doses of 
311. As the method is not quantitative, the 
relative amount of each component does not give 
any insight into the turnover of iodine in vivo, and 
may in fact reflect merely the efficiency of the 
method, some compounds being more completely 
recovered than others. 


SUMMARY 


1. A method for fractionation of urinary radio- 
iodine activity after #*1I therapy has been modified 
to give improved resolution and recovery of organic 
radioiodine compounds. 

2. The organic radioiodine compounds of the 
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urine after #1I therapy for thyroid carcinoma were 
divided into four fractions, one of which (fraction A) 
contained di-iodotyrosine and 3:5-di-iodo-4-hydr- 
oxyphenyl-lactic acid, previously identified by 
Fletcher (1957b). 

3. After }*1I therapy for thyrotoxicosis, fraction A 
was isolated from the urine but the other frac- 
tions were not detected. 

4. The method is not suitable for analysis of 
urines excreted after tracer doses of ™!I, nor for 
quantitative measurement of the amounts of the 
organic radioiodine compounds of urine after }*1] 
therapy. 
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Radioiodine Compounds of Human Urine after ''I Therapy 
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Thyroxine is the major iodine-containing com- 
pound in the circulation (Taurog & Chaikoff, 1948) 
but in certain circumstances, for example after 
administration of 11I in therapeutic amounts for 
of thyroid carcinoma or thyro- 
(Robbins & Rall, 
Pitt-Rivers, 
Pitt- 


3-mono- 


the treatment 
toxicosis, labelled thyroxine 
1952; Gordon, Gross, O’Connor & 
1952), 3:5:3’-tri-iodothyronine 
Rivers, 1952), 3:5-di-iodotyrosine and 
iodotyrosine (Benua & Dobyns, 1955), 
globulin (Robbins & Rall, 1952) and an iodoprotein 
resembling serum albumin (Robbins, Rall & 
Rawson, 1955) may also be found. The labelled 
iodine compounds of urine have not been as 


(Gross & 


thyro- 


thoroughly investigated as those of plasma. 3:5- 
Di-iodotyrosine and thyroxine were reported to be 
2all (1950), thyroxine and 3:5:3’-tri- 
iodothyronine by Horst & MHeuwieser (1957). 
Fletcher (1957a,b) detected a total of eight 
labelled iodine compounds in the urine 6-7 days 
after }*1I therapy for thyroid carcinoma. Two were 
identified as 3:5-di-iodotyrosine and 3:5-di-iodo-4- 
hydroxyphenyl-lactic acid, but neither thyroxine 
nor 3:5:3’-tri-iodothyronine was detected. With the 
method developed by Fletcher (1957), modified as 
described in the preceding paper, some of the 
iodine compounds were 


present by 


unidentified urinary 
isolated for further study. 
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METHODS AND MATERIALS 


All chromatograms were made on Whatman no. 3MM 
chromatography paper and developed in a descending 
manner in the following solvent systems: butanol— 
dioxan-aq. 2N-NH, soln. (4:1:5, by vol.); butanol-2n- 
acetic acid (1:1, v/v); butanol—-pentanol-aq. 2N-NH, soln. 
(4:1:5, by vol.); butanol—aq. 6N-NH, soln. (1:1, v/v); 2- 
methylbutan-2-ol (tert.-pentanol)—aq. 2N-NH, soln. (1:1, 
v/v); butanol-aq. 2N-NH, soln. (1:1, v/v). 

The following compounds were compared by chromato- 
graphy with the I compounds of urine. 

Thyroxine, 3:5:3’-tri-iodothyronine, 3:5-di-iodothyro- 
nine (which were obtained from Glaxo Ltd.), 3-monoiodo- 
thyronine, tetraiodothyroacetic acid and 3:5:3’-tri-iodo- 
thyroacetic acid, 3:5-di-iodotyrosine, 3-monoiodotyrosine 
[which was prepared by the iodination of tyrosine 
(Fletcher, 1956)], 3:5-di-iodo-4-hydroxyphenyl-lactic acid, 
3:5-di-iodo-4-hydroxyphenylpyruvic acid [prepared by 
iodination of 4-hydroxyphenylpyruvic acid, which was 
prepared by the method of Saul & Trikojus (1948)], 
3:3’-di-iodothyronine and 3:3’:5’-tri-iodothyronine [which 
were prepared in solution by the procedure of Gemmill 
(1956) for the stepwise iodination of 3-monoiodothyro- 
nine]. The Ry values of these compounds are given in 
Table 1. 

Radioautographs of the chromatograms were made with 
Ilford Industrial X-ray film. The carrier iodine compounds 
were located by staining the chromatograms with a solution 
of equal parts of ceric sulphate (low in rare earths, 1%, 
w/v in n-H,SO,) and sodium arsenite [5% (w/v) in n- 
H,SO,] mixed immediately beforehand (Bowden, Maclagan 
& Wilkinson, 1955), the strips then being sprayed with a 
1% (w/v) solution of o-phenylenediamine in acetone 
(Fletcher & Stanley, 1955). In the latter part of this work 
the chromatograms were then sprayed with concentrated 
NH, solution which neutralized the n-H,SO,, thus pro- 
longing the life of the paper. 

Ox-spleen £-glucuronidase was obtained from L. Light 
and Co. Ltd. 


1900 
RESULTS 


Chromatographic comparison of urinary "I -labelled 
compounds with compounds of known structure 


The urinary radioiodine compounds were isolated 
by the method described in the preceding paper 
from the urine of thyrotoxic and thyroid-carcinoma 
patients who had received therapeutic doses of }*"I, 
In the final step of the procedure, the 11I-labelled 
compounds were eluted from a paper chromatogram 
in ethanol—aq. 2N-NH, soln. (1:1, v/v). A portion 
of the solution, estimated to contain 0-004-0-01 yc 
of 181], was concentrated under reduced pressure at 
50° to a few drops, which were applied as a single 
spot on a line 4in. from the end of a sheet of 
chromatography paper, 18in. in length. Of a 
solution of compounds of known structure in 
ethanol—aq. 2N-NH, soln. (1:1, v/v), a volume 
estimated to contain 50 ug. of each was applied to 
the same spot. After development in one of the 
solvent systems described, the chromatogram was 
stapled to X-ray film and stored for 2 weeks. The 
chromatogram was developed by the staining 
procedure described and the position of the com- 
pounds of known structure thus detected was com- 
pared with that of the blackened spots on the 


radioautograph. Table 2 presents a summary of 


experiments in which radioiodine compounds 
isolated from urine had the same chromatographic 
properties as one of the iodine compounds of known 
structure used as a carrier. 


Degradation of urinary ™I-labelled compounds 


Two separate 11J-labelled compounds formed 
the component of organic iodine which ran between 
iodide and thyroxine in butanol—dioxan—aq. NH, 


Table 1. R, values of iodine compounds used in chromatography 


Solvent systems used are denoted by numbers, as follows: 1, butanol—-2n-acetic acid (1:1, v/v); 2, butanol-aq. 2N- 
NH, soln. (1:1, v/v); 3, butanol-aq. 6N-NH, soln. (1:1, v/v); 4, butanol-dioxan—aq. 2N-NH, soln. (4:1:5, by vol.); 
5, butanol—-pentanol-aq. 2n-NH, soln. (4:1:5, by vol.); 6, tert.-pentanol—aq. 2N-NH; soln. (1:1, v/v). 


Solvent systems R, 
A, 





v ae oy 
Compounds 1 2 3 4 5 6 
Iodide 0-15 0-29 0-35 0-41 0-16 0-20 
Monoiodotyrosine 0-54 0-17 ~- 0-28 0-05 0-14 
3:5-Di-iodotyrosine 0-84 0-05 -— 0-16 — —_ 
3:5-Di-iodo-4-hydroxyphenyl-lactic acid 0-95 0-08 — 0-20 0-03 0-06 
3:5-Di-iodo-4-hydroxyphenylpyruvic acid 0-90 — _ 0-82 = — 
3-Monoiodothyronine — —_ 0:55 0-79 0-69 _ 
3:5-Di-iodothyronine —- 0-79 0-85 0-85 0-68 0-90 
3:3’-Di-iodothyronine -- —_— 0-45 0-60 0-69 0-75 
3:5:3’-Tri-iodothyronine — 0-75 0-81 0-78 0-73 0-66 
3:3’:5’-Tri-iodothyronine -- _— 0-45 0-53 0-60 0-45 
Thyroxine = 0-62 0-72 0-61 0-64 0-45 
Tetraiodothyroacetic acid = 0-78 _— 0-82 0-80 0-72 
Tri-iodothyroacetic acid -- 0-69 — 0-69 0-65 0-84 
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Identification of urinary ™1-labelled compounds by chromatography 


+, Coincidence with carrier; 0, no chromatogram in this solvent system. Solvent systems are identified by numbers: 
1, butanol-2n-acetic acid (1:1, v/v); 2, butanol—-aq. 2N-NH, soln. (1:1, v/v); 3, butanol-dioxan—aq. 2n-NH, soln. (4:1:5, 


by vol.); 4, butanol—pentanol—aq. 2N-NH, soln. (4:1:5, by vol.); 5, tert.-pentanol—aq. 2n-NH, soln. (1:1, 


Solvent system 


c- neem 

Compound 1 2 3 

3-Monoiodotyrosine + 4 0 
3:3’-Di-iodothyronine 0 0 
3:5:3’-Tri-iodothyronine 0 fe 

Thyroxine 0 0 + 


soln. (defined as fraction B in the preceding paper). 
The slower-running compound, with R, 0-48 in this 
solvent, did not have the same chromatographic 
properties as any of the iodine compounds of 
known structure which were run at the same time. 
As this compound always contained a relatively 
important proportion of the label in fraction B, it 
was selected for further study. 

A sample of this slower-running compound was 
taken up in 10 ml. of 2N-NaOH and heated in a 
water bath at 40-50°. Samples were taken for 
chromatographic analysis at 0, 1-5 and 3 hr. Each 
was neutralized and evaporated to a volume of 
only a few drops under reduced pressure. The 
residual solution was removed by pipette from the 
salt which had crystallized. The salt was washed 
with a few drops of ethanol, which were added to 
the residual solution. The process was repeated two 
or three times unrti! the solution to be analysed was 
sufficiently free of salts to be applied across the 
width of a strip of chromatography paper 
(1-5 in. x 18 in.) as a line 4 in. from one end. After 
development of the chromatogram in butanol— 
dioxan—aq. NH; soln., the distribution of radioiodine 
compounds was determined by means of a scanning 
instrument employing a mica end-window Geiger 
tube (EW 3H, 20th Century Electronics Ltd.) which 
gave 60000 counts/min./yc of I with a back- 
ground of 20 counts/min. The mica window was 
shielded by a brass plate with a 2 mm. slit through 
which the chromatogram was viewed. The chro- 
matogram was drawn through mechanically at the 
rate of 1 in./hr., the counts being recorded auto- 
matically at the same time. The separated com- 
ponents were eluted into ethanol—aq. 2N-NH, soln. 
(1:1, v/v) and subjected to further chromato- 
graphy in butanol-acetic acid. Small amounts of 
carrier compounds were applied to the chromato- 
gram and the labelled iodine compounds were 
located by means of a radioautograph. 

It was found that in 1-5hr. about half of the 
radioiodine was present as a new substance. By 


v/v). 


4 5 Source of "I compound 

0 0 Urine 4-5 days after ™'I therapy for 
thyroid carcinoma 

0 + Urine 2-3 days after ™'I therapy to 
destroy normal thyroid 

0 + Urine 1-2 days after I therapy for 
thyrotoxicosis 

+ Urine 1-2 days after ™'I therapy for 


thyrotoxicosis 


3 hr. the conversion was complete, and very little 
[}*1T jiodide had appeared. The new compound had 
a lower R, in butanol—dioxan—aq. NH, soln. than 
the starting material and between 3:5-di- 
iodotyrosine and 3:5-di-iodo-4-hydroxypheny]- 
lactic acid in butanol—acetic acid, with R, 0-9. The 
experiment was repeated on samples of the same 
compound isolated from the urines of five patients 
with thyroid carcinoma. In two of the experiments 
little deiodination occurred, but in the other three 
[351.]iodide was found as well as the new com- 
pound with an R, in butanol—dioxan—aq. NH, soln. 
lower than that of the starting material. The new 
compound ran between 3:5-di-iodo-4-hydroxy- 
phenyl-lactic acid and iodide in this solvent, with 
R, 0-2. 

Investigation was next made of the effect of 
enzymes on the same slower-running compound of 
fraction B, which had been degraded as described 
above by the action of 2N-NaOH. After pre- 
liminary experiments which indicated that f- 
glucuronidase caused some change in the com- 
pound, the following hydrolysis procedure was used. 

Duplicate samples of the compound, containing 
0-01—0-1 po of 1841, were taken up in 1 ml. of phos- 
phate buffer (0-l1mM, pH 4-6). After addition of 
1 mg. of B-glucuronidase to one sample, both were 
incubated in a water bath at 37° for 16 hr. The 
solutions were then acidified with 9% (w/v) HCl 
and each was extracted three times with an equal 
volume of butan-1-ol. The most successful method 
of removing salt from the pooled extracts was 
found to be by washing once with 1 ml. of 0-1N- 
HCl. After addition of ethanol—aq. 2N-NH; soln. 
to the washed extracts, each was evaporated to a 
few drops under reduced pressure at 50°. The 
residue was fractionated by paper chromatography 
and the distribution of 1°! determined by use of 
radioautographs and scanning. 

Some experiments were unsuccessful because the 
enzyme was precipitated in 20 or 30 min. by some 
denaturing substance still associated with the 


ran 
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131]-labelled compound. Fig. 1 shows an example 
of a successful hydrolysis. Iodide was always 
found to be a major product, but a variable pro- 
portion of the I was also found as a new com- 
pound of higher R, in butanol—dioxan—aq. NH, 
soln. This product was not stable and frequently 
gave rise to little but iodide when it was eluted for 
further chromatographic study, but it was shown 
in one experiment to be separable from thyroxine, 
and in another it coincided with 3:5:3’-tri-iodo- 
thyronine in  butanol-dioxan-aq. NH, soln., 
butanol—pentanol—aq. NH, soln. and ¢ert.-pentanol— 
aq. NH, soln. 

The component of the mixture of urinary radio- 
iodine compounds which ran between the origin 
and iodide in butanol-dioxan-aq. NH, soln. 
(defined as fraction A in the preceding paper) was 
at first thought to consist only of 3:5-di-iodotyro- 
sine and 3:5-di-iodo-4-hydroxyphenyl-lactic acid, 
which were identified by Fletcher (19576). How- 
ever, monoiodotyrosine was identified among the 
iodine compounds isolated from one urine (Table 2), 
and in another experiment a compound was 
detected, by means of radioautographs, which was 
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Fig. 1. Scan of I on paper chromatograms developed in 
butanol-dioxan—aq. 2N-NH, soln. (4:1:5, by vol.) of a 
component of fraction B after incubation for 16 hr. in 
0-LmM-phosphate buffer (pH 4-5): (a) without enzyme; 
(6) with ox-spleen B-glucuronidase. The origin of the 
chromatogram is indicated by the arrow. 
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Fig. 2. Scan of I on paper chromatograms developed in 


butanol-dioxan-aq. 2N-NH, soln. (4:1:5, by vol.) of a 
component of fraction A after incubation for 16 hr. in 
0-1m-phosphate buffer (pH 4-5): (a) without enzyme; 
(6) with ox-spleen f-glucuronidase. The origin of the 
chromatogram is indicated by the arrow. 
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almost immobile in butanol—dioxan—aq. NH, soln., 
with a R, lower than that of any of the iodine 
compounds used as standards (Table 1). Duplicate 
samples of the component running between the 
origin and iodide (fraction A), each containing 
0-015 yc of 41, were taken up in | ml. of phosphate 
buffer (0-1mM, pH 4-6) and incubated at 37—40° for 
16 hr. with and without f-glucuronidase. The 1*I- 
labelled compounds were extracted into butanol 
and subjected to paper chromatography in the 
usual way. The scan of the developed chromato- 
grams (Fig. 2) showed that some hydrolysis had 
occurred. 

A sample of the unhydrolysed compound was 
therefore purified by paper chromatography. A 
portion of fraction A was applied to a sheet of 
chromatography paper (6 in. x 18 in.). The chro- 
matogram was developed in butanol—dioxan-aq. 
NH, soln. and cut into strips 1-5 in. wide, which 
were scanned with a mica end-window Geiger tube. 
The region of the chromatogram corresponding to 
the peak near the origin was cut out, and the 1I- 
labelled compound was eluted into ethanol-aq. 
2n-NH, soln. (1:1, v/v). After concentration of the 
eluate, the hydrolysis experiment described above 
was repeated with one-half of the material for a 
control. The butanol extracts were applied to 
chromatography paper as spots, followed by solu- 
tions of iodine compounds of known structure 
(approx. 50yug. of each). Some chromatograms 
were developed in butanol—dioxan—aq. NH, soln. 
and some in butanol-acetic acid. Radioautographs 
were made and staining was done in the usual way. 
The new component produced by hydrolysis was 
found to coincide with 3:5-di-iodo-4-hydroxy- 
phenyl-lactic acid in both solvent systems. 


Daily analysis of urinary *1-labelled compounds 


Fractionation of the urinary ™!J-labelled com- 
pounds by a simplified procedure was undertaken 
to obtain quantitative information about the 
distribution of I. After a patient had received 
80 mc of I to destroy normal thyroid tissue, 
24-hr. urine collections were made as described in 
the preceding paper. The volume of the total 
collection was measured, and a sample was taken 
to determine the ™1I content in a liquid-counting 
apparatus. A sample (10ml.) of each 24 hr. 
collection was mixed with 10 ml. of ethanol and 
adjusted to pH 8-9 with 8% NaOH. After filtra- 
tion, the solution was passed through a column of 
AgCl (lem.x7em.), which removed [1*!I]iodide 
(Fletcher, 1957a). The amount of ™I in the 
effluent was measured in the _ liquid-counting 
apparatus before neutralization with 9 % (w/v) HCl 
and concentration to about 5 ml. under reduced 
pressure at 35-45°. The concentrated solution was 
taken to pH 1-2 with 9% (w/v) HCl and extracted 
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Table 3. Daily analysis of urine after I therapy 


Fractions: A, components of R, value less than that of iodide in butanol-dioxan—aq. 2N-NH, soln. (4:1:5, by vol.); 


B, components of R»y greater than that of iodide but less 


than that of thyroxine in butanol-dioxan—aq. 2N-NH, soln.; 


(', components of Rp value nearly the same as thyroxine in butanol-dioxan-aq. 2N-NH, soln. 


Time Butanol- 
after #1] Organic ™1] soluble 
administration 1] excreted excreted fraction of Fraction A Fraction B Fraction C 

(days) (mc/day) (pc/day) organic 151] (uc/day) (poc/day) (uc/day) 
0-1 49-3 160 0-63 48 32 — 
1-2 4:8 43 0-62 4 4 = 
2-3 1-7 96 0-62 Not determined 
3-4 1-1 99 0-55 — 3 5 
4-5 0-5 46 0-45 Not determined 
5-6 1-0 91 0-62 18 6 4 


twice with an equal volume and once with a half 
volume of butan-l-ol. The amount of I in the 
extract was determined in the liquid-counting 
apparatus. A portion of the extract derived from 
1 ml. of the first day’s collection, and from 5 ml. of 
the second day’s collection, was made alkaline with 
ethanol-aq. 2N-NH, soln. (1:1, v/v) and concen- 
trated under reduced pressure at 50°. The residue 
was applied to a strip of chromatography paper for 
development in butanol—dioxan—aq. NH, soln. For 
urines of the fourth and sixth days, a portion of the 
extract derived from 5 ml. of urine was equilibrated 
with an equal volume of 2N-NaOH. The distribu- 
tion of }!I between aqueous and organic phases 
was determined by liquid counting. The 2N-NaOH 
solution was acidified with 35% (w/v) HCl and 
extracted with butanol again. The two butanol 
extracts were then handled separately, each being 
neutralized and evaporated under reduced pressure 
at 50°. The residue was fractionated by paper 
chromatography as described above. The }I- 
labelled compounds thus detected were eluted with 
ethanol—aq. 2N-NH, soln. (1:1, v/v) and subjected 
to a second chromatographic fractionation in 
butanol-dioxan—aq. NH, soln. in the presence of 
carrier thyroxine and iodide. Radioautographs 
were made of these chromatograms before staining. 
The results of this analysis are presented in Table 3. 
Fractions A, B and C are defined by their R, values 
in butanol—dioxan—aq. NH, soln. as in the pre- 
ceding paper. Fraction A is the component of 
organic radioiodine running between the origin and 
iodide, fraction B between iodide and thyroxine 
and fraction C with R, nearly the same as that of 
thyroxine. 


DISCUSSION 


L-[41]]Monoiodotyrosine is metabolized very 

rapidly in normal subjects (Stanbury, Kassenaar & 

Meijer, 1956). Fletcher, Litvak & Stanbury (1958) 

detected only [1*4I]iodide in the urine during the 

first 2 hr. after a dose of 150 mg. of labelled mono- 

iodotyrosine. There must therefore be in the circu- 
22 


lation a high concentration of monoiodotyrosine or 
some substance from which it may be derived, 
before any is detected in the urine. The patient in 
whose urine monoiodotyrosine was detected 
(Table 2) had received 150 mc of I for treatment 
of thyroid carcinoma. If iodine-concentrating 
carcinoma tissue behaves similarly to normal 
thyroid, monoiodotyrosine itself would not have 
been released into the blood stream during tissue 
breakdown, as its concentration in thyroid tissue is 
very low owing to the presence of deiodinases 
(Querido, Kassenaar, Meijer & Stanbury, 1956). 
A possible metabolic source of monoiodotyrosine is 
the albumin-like iodoprotein detected in the plasma 
of patients with thyroid carcinoma after 1] 
therapy (Robbins e¢ al. 1955). [#*1I]Monoiodotyro- 
sine is the major !*4I-labelled compound produced 
by enzymic hydrolysis of this protein (Robbins e¢ al. 
1955; Tata, Rall & Rawson, 1956). 

Labelled 3:5:3’-tri-iodothyronine and thyroxine 
appear in the urine of thyrotoxic patients (Table 2) 
1-2 days after administration of “I. This early 
appearance is presumably associated with the 
rapid turnover of iodine which is characteristic of 
the disease. Benua & Dobyns (1955) found labelled 
3:5:3’-tri-iodothyronine and thyroxine in_ the 
plasma 1 and 3 hr. respectively after administra- 
tion of a therapeutic dose of I to a thyrotoxic 
patient. Although [?*1I]thyroxine and ['1'1]3:5:3’- 
tri-iodothyronine are certainly present in the 
plasma after ™!I therapy for thyroid carcinoma 
(Gross & Pitt-Rivers, 1952), neither was detected in 
the urine of patients who had received therapeutic 
doses for the destruction either of normal tissue or 
of thyroid-carcinoma tissue. 

Labelled 3:3’-di-iodothyronine was detected in 
rat thyroid (Roche, Michel, Nunez & Wolf, 1955) 
and in rat plasma (Roche, Michel & Nunez, 1955) 
after administration of tracer amounts of }*1I, but 
in man it is metabolized very rapidly, with a half- 
life of only 6 hr. (Stanbury & Morris, 1957). The 
appearance of 3:3’-di-iodothyronine in the urine of 
one patient (Table 2) suggests therefore that 
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3:3’-di-iodothyronine in relatively high concentra- 
tion, or some iodine compound (perhaps thyro- 
globulin) from which it could arise, was present in 
the circulation at the same time. 

The structure of the compound which is the 
main component of fraction B cannot be deduced 
from the results of hydrolysis experiments. The 
compound may be formed by the conjugation of 
3:5:3’-tri-iodothyronine, which was detected in one 
experiment, with more than one other substance. 
Such a conjugate might therefore be hydrolysed at 
different bonds by f-glucuronidase and by 2Nn- 
sodium hydroxide. 

The results presented in Table 3 suggest that the 
labelling of the iodine compounds from which 
fractions A, B and C are derived occurs by different 
metabolic processes. A and B, which appear soon 
after administration of *4I, may be metabolites of 
labelled iodine compounds released into the circu- 
lation by functioning thyroid tissue before its 
breakdown begins. As the tissue begins to disinte- 
grate as the result of radiation from J, labelled 
thyroglobulin is released into the circulation 
(Robbins & Rall, 1952; Tata et al. 1956). In 
patients whose normal thyroid tissue is being 
destroyed by * I therapy, the concentration of 
labelled thyroglobulin in the circulation is found to 
reach a maximum 4-7 days after administration of 
the dose. Fraction C appears in the urine at this 
time (Table 3) and may therefore arise from the 
metabolism of thyroglobulin. 3:5-Di-iodotyrosine 
and 3:5-di-iodo-4-hydroxyphenyl-lactic acid, which 
form part of fraction A, were shown to be major 
components of the organic radioiodine on the sixth 
to seventh day after administration of I by 
Fletcher (19576), who suggested that they were 
metabolites of circulating thyroglobulin. Fraction 
A, however, appears in the urine (Table 3) soon 
after ™1I administration, before the release of 
thyroglobulin from the irradiated gland is maximal. 
Further investigation of the structure of the com- 
ponents of fraction A which appear during the first 
48hr. after I administration is_ therefore 
required. 


SUMMARY 


1. ['*1I]Monoiodotyrosine has been detected in 
the urine of a patient who had received 1!I for 
thyroid-carcinoma therapy. 

2. A compound isolated from a similar urine 
yielded, [1*11]3:5 - di-iodo - 4-hydroxypheny] - lactic 
acid after hydrolysis with B-glucuronidase. 

3. [?%11]3:3-Di-iodothyronine was detected in 
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the urine of a patient who had received ™I to 
destroy normal thyroid tissue. 

4. A labelled compound isolated from the urine 
of patients who had received I to destroy either 
normal thyroid tissue or functioning thyroid- 
carcinoma tissue was treated with 2N-sodium 
hydroxide and with f-glucuronidase. The product 
of 2n-sodium hydroxide treatment, other than 
iodide, was not identified. 3:5:3’-Tri-iodothyronine 
was detected in one experiment after hydrolysis 
with £-glucuronidase. 

5. [2 10]Thyroxine and [1*11]3:5:3’-tri-iodothyro- 
nine were detected in the urine of patients who 
had received I therapy for thyrotoxicosis. 


I wish to thank Dr R. Pitt-Rivers for the gift of tetra- 
iodothyroacetic acid and 3:5:3’-tri-iodothyroacetic acid; 
Dr K. Fletcher for the gift of 3:5-di-iodo-4-hydroxyphenyl- 
lactic acid; and Dr C. Gemmil for the gift of 3-monoiodo- 
thyronine. 
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Irreversible Reaction of 3-Amino-1:2:4-triazole and Related Inhibitors 
with the Protein of Catalase 


By E. MARGOLIASH*, A. NOVOGRODSKY anp A. SCHEJTER 
Department of Experimental Medicine and Cancer Research, Hebrew University-Hadassah Medical School, 
Jerusalem, Israel 


(Received 2 February 1959) 


The common catalase inhibitors such as cyanide, 
azide, fluoride, etc., all give rise to inhibitions 
which are fully reversible on dilution or dialysis. 
3-Amino-1:2:4-triazole, however, can produce both 
an immediate reversible inhibition of the enzyme at 
rather high concentrations of the inhibitor (Heim, 
Appleman & Pyfrom, 1956) and a slowly develop- 
ing irreversible inhibition of catalatic activity in the 
presence of a low and constant concentration of 
hydrogen peroxide (Margoliash & Novogrodsky, 
1958a). This irreversible inhibition explains the 
decrease in catalatic activity of the liver and kidney 
of rats and mice observed by Heim, Appleman & 
Pyfrom (1955, 1956) within a few hours after the 
injection of 3-amino-1:2:4-triazole. 

The present paper reports the minimal structural 
requirements of compounds able to cause such 
irreversible inhibitions of catalase, demonstrates 
that the irreversible inhibition reaction is a reaction 
between catalase—hydrogen peroxide complex I and 
the inhibitors and that although these inhibitors 
react with catalase-hydrogen complex II the 
product of this reaction is free uninhibited catalase. 
A study of the kinetics of the reactions with both 
catalase—hydrogen peroxide complexes is presented. 
It is, moreover, shown that in the irreversible inhibi- 
tion the essential binding of the inhibitor is with 
the protein part of catalase, since denaturation of 
the enzyme and removal of the haematin prosthetic 
group leaves the inhibitor attached to the protein. 


EXPERIMENTAL 


The catalase preparations used, the methods for determining 
the concentration of the catalase solutions in terms of 
haematin and the catalatic activity as well as the Kat. f. 
(Euler & Josephson, 1927) values of the enzyme prepara- 
tions were the same as those previously given (Margoliash 
& Novogrodsky, 1958a). In those kinetic experiments in 
which accurate determinations of catalatic activity were 
required, the concentrations of the partially irreversibly 
inhibited catalase solutions were adjusted so that the actual 


* Present address: Laboratory for the Study of 
Hereditary and Metabolic Disorders, College of Medicine, 
University of Utah, Salt Lake City, Utah, U.S.A. 


permanganate-titration readings in the perborate test 
(Feinstein, 1949) fell within a narrow range (10-14 ml. of 
0-05n-KMn0O,). This procedure gave values for the catalatic 
activity which were quantitatively comparable one to 
another. In all cases the dilution of the incubation mixtures 
used for estimations of catalatic activity of the irreversibly 
inhibited enzyme was sufficient to render negligible the 
reversible inhibition of the enzyme by the inhibitors used. 

Microspectroscopic observations were carried out with a 
Hartree microspectroscope (Beck Ltd., London). Catalase— 
H,O, complex II (Chance, 1951) was prepared by incubating 
the catalase solution with 4 mM-ascorbate or cysteine at 
pH 7-0 in air at 37° (Chance, 1950). The incubation was con- 
tinued until all the catalase had been transformed into 
catalase—H,O, II as judged by the Soret-band spectrum 
(Chance, 1950) measured with a Beckman DU spectro- 
photometer. The reaction of catalase—H,0, I with inhibitors 
was followed by estimating the extinction every 15 sec. at 
440 my with a Beckman DU spectrophotometer in which 
the temperature of the cell chamber could be kept constant 
by a fluid-circulation system. 

Materials. The materials used were commercial prepara- 
tions except for the following: methyl hydroperoxide 
(Rieche & Hitz, 1929); S-methylisothiosemicarbazide iodide 
(Freund & Paradies, 1901); N-methylthiourea (Naf, 1891); 
N-methyl-S-methylisothiourea iodide (Schenck, 1912); 
3:3’-azo-1:2:4-triazole (Thiele & Manchot, 1898); acetone 
semicarbazone (Thiele & Stange, 1894): acetone thiosemi- 
carbazone (Freund & Schander, 1902). 

3-Amino-[!4C]1:2:4-triazole, labelled in C-5, was prepared 
from sodium [!*C]formate and aminoguanidine bicarbonate 
according to Sjostedt & Gringas (1955), exchanging the 
[24C]formate between the sodium formate and the free formic 
acid in the reaction mixture. The crude product, dissolved 
in 0-01 N-HCl, was adsorbed on a 6 cm. x 1 em. Dowex-50 
column (H* form), the excess of formate was washed away 
with 1 mn-HCl and the 3-amino-1:2:4-triazole then eluted 
with aq. 5N-NH, soln. On evaporating the eluate to dry- 
ness over H,SO,, pure crystalline 3-amino-[!C]1:2:4- 
triazole, giving 18 990 counts/min./wmole, was obtained. 
The radioactivity of the catalase preparations inhibited by 
3-amino-1:2:4-triazole was estimated with an end-window 
B-counter, thin layers being used. The required correction 
for absorption of radioactivity by the solids was determined 
in separate experiments with known amounts of unlabelled 
protein and of 3-amino-[14C]1:2:4-triazole. The haematin 
was separated from the protein of catalase by the acid— 
acetone technique of Sumner & Dounce (1939) by washing 
the protein precipitate three times on the centrifuge with 
acid—acetone. 
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RESULTS 


Reversible inhibition of catalase by 3-amino-1:2:4- 
triazole. Heim et al. (1956) showed that relatively 
high concentrations of 3-amino-1:2:4-triazole caused 
a reversible inhibition of catalatic activity as deter- 
mined by the rate of H,O, breakdown. The effect of 
the concentration of 3-amino-1:2:4-triazole on this 
type of inhibition was determined at 22° and con- 
centrations of H,O, equivalent to those used in the 
kinetic study of the irreversible inhibition reaction 
described below. The method of Euler & Josephson 
(1927) for the determination of the first-order 
reaction constant (k 9) for the decomposition of 
H,O, was used. From the results given in Fig. 1 it 
was possible to calculate the equilibrium constants 
for the possible reversible reactions of 3-amino- 
1:2:4-triazole with either free catalase (K;) or 
catalase-H,O, I (K,) according to the equations 
developed by Beers (1955). Considering 33 % of the 
catalase haematin to be bound by H,O, in complex 
I (x 0-33), as determined by Beers & Sizer (1952, 
1953) for ox-liver catalase, the average 
obtained for K, was 40 mm, and that obtained for 
K, was 20 mM. 


value 


0-04 
—003 
I 
5 
= 
& 
002 
0-01 
o 002 004 006 O08 O14 
Concn. of aminotriazole (mM) 
Fig. 1. Reversible inhibition of catalatic activity by 


3-amino-1:2:4-triazole. The first-order reaction constant 
for the decomposition of H,O, (k)) was determined 
according to Euler & Josephson (1927) at 22° and in the 
presence of varying concentrations of aminotriazole. 
Initial H,O, concentration: 4mm; 1-44mmM_ ox-liver 
catalase haematin; 6-6 mm-phosphate buffer, pH 7-0. The 
equilibrium constants for the reversible reaction of 
3-amino-1:2:4-triazole with free catalase (K,;) or the 
reversible reaction of aminotriazole with catalase—H,O, 
I(K,), calculated according to Beers (1955) from the first- 
order reaction constants for the decomposition of H,O, 
in the absence (k§) and in the presence (k*) of inhibitor, 
were respectively 40 and 20 mm. 
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Reaction of the 3-amino-1:2:4-triazole type of 
inhibitors with catalase-hydrogen peroxide complex 
II. Microspectroscopic observations indicated that 
when the compounds that could cause the irrever- 
sible inhibition of catalase in the presence of H,0, 
(see below) were added to catalase-H,O, II or 
catalase—methyl hydroperoxide IT the spectrum of 
complex IT rapidly disappeared, to be replaced by a 
spectrum nearly identical to that of free catalase. 
The kinetics of these reactions could be followed at 
appropriate wavelengths in the ordinary spectro- 
photometer since their rate was not very large. The 
reactions followed first-order kinetics with all the 
effective inhibitors tested at any particular inhibitor 
and enzyme concentration, as shown in Fig. 2 for 
3-amino-1:2:4-triazole. 

These kinetics were, however, pseudo-first-order, 
since the first-order reaction constant (k,) was found 
to vary linearly with the inhibitor concentration 
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Fig. 2. First-order kinetics of the reaction between catalase 
H,O, II and 3-amino-1:2:4-triazole. Final concentrations: 
9 uM ox-liver catalase haematin; 0-1 M-phosphate buffer, 
pH 7-0; 4 mm-ascorbate. Total volume 3 ml. Incubated 
in spectrophotometric cells at 37° until the formation of 
catalase-H,O, II was maximal. The cells were then 
equilibrated in the spectrophotometer at the required 
temperature, 0-02 M-aminotriazole was added and extinc- 
tion readings were taken, at short intervals, at 440 mp. 
The concentration of catalase—H,0, II was estimated from 
the difference between the extinction reading at any time 
and that after the completion of the reaction. 
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(i), for 3-amino-1:2:4-triazole and S-methyliso- 
thiosemicarbazide at 37°. Plots of the logarithm of 
the first-order reaction constant against the 
logarithm of the inhibitor concentration gave 
straight lines with a slope of 45°, indicating that the 
reaction was first order with respect to the inhibitor 
(Fig. 3). From Fig. 3 and similar plots the second- 
order reaction constant (k,) could be calculated for 
the various inhibitors. 

A similar plot of the logarithm of the first-order 
reaction constant against the logarithm of the con- 
centration of catalase—H,O, II, from data obtained 
in experiments in which the inhibitor concentration 
was kept constant and the concentration of catalase 
was varied, also gave straight lines with slopes of 
45°, indicating that the reaction was of the first- 
order with respect to catalase-H,O, II (Fig. 4). 
Hence the overall reaction was of the second order. 

When catalase—-H,O, I donors (i.e. substances 
that can be oxidized by catalase—H,O, I) such as 
ethanol and propan-l-ol having widely differing 
reaction constants with catalase—H,O, I (1000m-1 
sec.—! for ethanol and 17M~— sec.~! for propan-1-ol; 
Chance, 1947) were added in great excess to cata- 
lase-H,O, II under the conditions used for the 
above kinetic studies, it was found that the rate of 
disappearance of catalase—H,O, II did not vary with 
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Fig. 3. Variation of the logarithm of the first-order reaction 
constant (k,) for the reaction of inhibitors and catalase— 
H,0, IT with the logarithm of the inhibitor concentration. 
The final concentrations and conditions were as in Fig. 2. 
Temp., 37°. The concentrations of inhibitors varied. The 
second-order reaction constant (k,) calculated by extra- 
polation from the value of the first-order reaction constant 
when the Jog [inhibitor] = 0 was 0-26m~—! sec. for 
3-amino-1:2:4-triazole (curve 1) and 2-4m~ sec.—! for 
S-methylisothiosemicarbazide iodide (curve 2). Curve 3 
shows the first-order reaction constant for the dis- 


appearance of catalase—H,0, II on the addition of ethanol 
(O) or propan-1-ol (@) at varying concentrations of the 
donors. 
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the concentration of the catalase—H,O, I donor, at 
the large concentrations used, and was slower than 
the rate of disappearance of complex II on addition 
of the inhibitors of the 3-amino-1:2:4-triazole series. 
These results, shown in Fig. 3, indicated that the 
inhibitors of the 3-amino-1:2:4-triazole series 
actually reacted with catalase—H,O, II, and that 
the disappearance of the spectrum of catalase— 
H,0, II in these reactions was not due to a shift of 
the equilibrium between complex II and complex I 
such as occurs when a catalase-H,O, I donor is 
added to their mixture (Chance, 1949). 

When the catalatic activity of the reaction 
mixtures was determined at the end of the reaction 
between the inhibitors and catalase—H,O, II, after 
suitable dilution, it was found that nearly the 
entire original catalatic activity was retained. There 
was, in fact, very little or no difference in the rate 
and kinetics of the irreversible inhibition of catalatic 
activity whether the reaction was started with free 
catalase, ascorbate and 3-amino-1:2:4-triazole, or 
with catalase—H,O, I, ascorbate and 3-amino-1:2:4- 
triazole (Fig. 5). This indicated that the product of 
the reaction of the inhibitor with complex IT was 
free catalase. The lack of difference between the 
rate of the inhibition reaction when the reaction 
was started with free catalase and with catalase— 
H,0O, II, as shown in Fig. 5, was due to the fact that 
the inhibition reaction was much slower than the 
reaction with complex II. It could, for example, be 
calculated that 150 sec. after the start of the reac- 
tion with complex IT at 37° the rate of the inhibition 
reaction was already over 60% of that when the 
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Fig. 4. Variation of the logarithm of the first-order reaction 
constant (k;) for the reaction of 3-amino-1:2:4-triazole 
with catalase—H,0, II with the logarithm of the concentra- 
tion of catalase—H,O, II. Final concentrations and con- 
ditions were as given in Fig. 2, except that the reactions 
were carried out with 0-02M-aminotriazole and varying 
concentrations of catalase—H,O, II. Temp., 37°. 
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reaction was started with free catalase. Such a 
small difference could not be detected under the 
experimental conditions available. 

The same conclusion could be reached by esti- 
mating the percentage of catalase haematin free to 
react with cyanide (mM) as shown by the change in 
the Soret-band spectrum. At the end of the reaction 
between catalase-H,O, II and 3-amino-1:2:4- 
triazole nearly the entire catalase haematin reacted 
with cyanide, whereas in the preparations of 
irreversibly inhibited 3-amino-1:2:4-triazole—cata- 
lase the percentage of haematin able to combine 
with cyanide varied from 16 to 5%. 

Compounds causing the irreversible inhibition of 
catalase in the presence of hydrogen peroxide. 
Margoliash & Novogrodsky (1958a) had demon- 
strated that the presence of a relatively low and 
constant concentration of H,O, was required to 
cause the irreversible inhibition of catalase by 
3-amino-1:2:3-triazole. The H,O, could be intro- 
duced by using auto-oxidizable substances in the 
presence of air, or by dialysis against a large 
volume of solution containing a low concentration of 
H,0,. With both these systems a series of com- 


3 s 8 s 


N 
oO 


Percentage of original catalase activity 


, 15 30 45 60 
Time (min.) 

Fig. 5. Kinetics of irreversible 3-amino-1:2:4-triazole 
inhibition of catalase, starting with free catalase and with 
catalase—H,0, II. Final concentrations: 2-5 uM recrystal- 
lized ox-liver catalase haematin; 20 mm-aminotriazole; 
50 mm-phosphate buffer, pH 7-0; 4 mm-ascorbate, pH 
7-0. Total volume, 3 ml. Atmosphere, air. Temp., 37°. 
©, Catalatic activities obtained when starting with free 
catalase; O, catalatic activities obtained when the 
aminotriazole was added after a period of pre-incubation 
at 37° sufficient to transform the catalase maximally into 
catalase—H,0, II, as determined spectrophotometrically. 
The catalatic activity was estimated according to Fein- 
stein (1949), after suitable dilution of samples in the 
presence of 50 mm-ethanol. 
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pounds were tested for their ability to cause the 
irreversible inhibition of catalase, in order to 
establish the minimal structural characteristics 
required. 

The results given in Table 1 indicated that: (a) 
the ring system of 3-amino-1:2:4-triazole as such 


Table 1. Compounds causing the irreversible in- 
hibition of catalase in the presence of hydrogen 
peroxide 


In the system with ascorbic acid as a source of hydrogen 
peroxide (a) the final concentrations in the incubation 
mixtures were: 2-4um recrystallized ox-liver catalase 
haematin; 20mm compound tested, unless otherwise 
stated; 50 mm-phosphate buffer, pH 7-0; 1 mm-ascorbic 
acid, pH 7-0. Total volume, 3ml. Atmosphere, air. 
Temperature, 37°. In the system in which hydrogen 
peroxide was dialyzed into the incubation mixture (5), the 
concentrations and conditions were similar except that 
ascorbic acid was absent and the incubation mixture (total 
volume 3 ml.) was dialysed in cellophan tubing against 
50 ml. of phosphate buffer (50 mm) containing 20 mm com- 
pound tested, unless otherwise stated, and 4 mm-H,0,. In 
each case, samples were removed at intervals, were suitably 
diluted and the catalatic activity was determined according 
to Feinstein (1949), 


Percentage 
of original 
catalatic 
activity after 
System _ incubation 
Compound tested used for 2 hr. 
3-Amino-1:2:4-triazole a, b 7 
3:3’-Azo-1:2:4-triazole a 100 
Aminoguanidine bicarbonate b 58 
Guanidine hydrochloride a 100 
Creatine a 100 
Arginine a 100 
Semicarbazide hydrochloride a 64 
Semicarbazide hydrochloride b 20 
Semicarbazide hydrochloride a 41 
(0-2m) 
Acetone semicarbazone (40 mm) a 55 
Urea a 93 
Glycinamide a 100 
Acetamide (0-2M) a 95 
Ethylenediamine a 100 
Ethyl urethane a 100 
Carbohydrazide a 98 
Dicyandiamide a 100 
Thiosemicarbazide a 36 
Thiosemicarbazide b 6 
Acetone thiosemicarbazone a 34 
S-Methylisothiosemicarbazide a 0 
iodide 
Potassium iodide a 96 
Thiourea a 100 
N-Methylthiourea a 76 
N-Methyl-S-methylisothiourea a 98 
iodide 
Thiocarbohydrazide a 86 
Isonicotinic acid hydrazide a,b 100 
Histidine b 100 
Allylisopropylacetylurea a 96 
2:4-Dinitrophenol b 82 
Iodoacetic acid a 96 
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was not required; (b) the primary amino group 
attached to the carbon atom had to be free; the 
substitution of one of its H atoms by even as small a 
substituent as an amino group, as in carbohydrazide 
or thiocarbohydrazide, destroyed the activity; (c) 
in non-cyclic compounds the terminal amino group 
(corresponding to position 1 in 3-amino-1:2:4-tri- 
azole) did not have to be free, but a N atom was 
necessary, since substituting a nitrile or a methyl 
group for this amino group caused a complete loss 
of inhibitory activity; (d) the N atom correspond- 
ing to position 2 in 3-amino-1:2:4-triazole could not 
be replaced by a C (as in glycinamide) without loss 
of activity ; (e) the atom corresponding to position 4 
in 3-amino-1:2:4-triazole could be N, O or §, the 
inhibitory activity relations being S>OS N. 
The most active compound found in this series was 
S-methylisothiosemicarbazide iodide, which was 
considerably more active than the original 3-amino- 
1:2:4-triazole. In conclusion it may be stated that, 
as far as it was tested, the probable minimal 
structural requirements of a compound of this 
series to enable it to cause an irreversible inactiva- 
tion of catalase in the presence of H,O, was one of 
the isomeric structures I, IT or III. 


N-NH-C(NH,):R SN-N:C(NH,) “RH 
(I) (1) 
N-NH-C(NH)*R-H 
(111) 


(R =S8, O or NH) 


Moreover, since substitution of the H atom on the 
R group by a methyl group, forcing the compound 
into either the form IT or III, considerably increased 
the inhibitory activity, as in S-methylisothiosemi- 
carbazide, it is probable that the active species in 
all the effective compounds was either IT or ITT. 

This conclusion does not in any way imply that 
compounds of other organic or inorganic series may 
not be able to show the same type of activity. 

Effect of catalase-hydrogen peroxide complex I 
donors on irreversible inhibition of catalase. Catalase— 
H,O, I donors such as ethanol, nitrite, formate, 
ethylene glycol, etc., were found to prevent the 
irreversible inhibition of catalase by inhibitors of 
the 3-amino-1:2:4-triazole series. Similar effects 
occurred in systems containing auto-oxidizable 
substances as H,O, source, and when dialysis was 
used to introduce the H,O,. Some typical results 
are presented in Table 2. However, in all cases 
when irreversible inhibition had occurred, incuba- 
tion with catalase—H,O, I donors did not cause any 
recovery of the catalatic activity. 

These results confirm the observations of Nelson 
(1958), who showed that the injection of ethanol 
into rats prevented the decrease of liver-catalase 
activity caused by 3-amino-1:2:4-triazole. 
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Effect of pH on the irreversible inhibition of catalase 
by 3-amino-1:2:4-triazole. The lack of effect of 
changing the pH on the inhibition of catalase by 
3-amino-1:2:4-triazole, in the presence of H,O,, is 
shown in Fig. 6. The rate of inhibition did not vary 
Table 2. Effect of catalase-hydrogen peroxide com- 

plex I donors on irreversible inhibition of catalase 


Conditions and concentrations were similar to those given 
in Table 1 for both the system with ascorbic acid (a) and 
that with dialysis against H,O, (b). Unless otherwise stated 
concentration of catalase inhibitors was 20mm and of 


donors 0-1m. 
Percentage of 


original 
catalatic 
activity after 


System incubation 
Inhibitor used Donor for 2 hr. 
3-Amino-1:2:4- a None 10 
triazole a Ethanol 97 
a Nitrite 100 
a Formate 88 
a Formaldehyde 84 
a Ethylene glycol 71 
a Pyrogallol 78 
Thiosemicarbazide a None 36 
a Ethanol 100 
b None 6 
b Ethanol 88 
Semicarbazide a None 57 
hydrochloride a Ethanol 100 
(0-2m) 
Aminoguanidine b None 56 
bicarbonate b Ethanol 98 
= 80 
2 
& 70}- 
$ 
= 60 
s 
5 50 oo 
e 
‘oo 40 
a 
6 
So 20 
s 
3 10 
5 
a 0 
5 6 7 8 9 10 
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Fig. 6. Effect of pH on the inhibition of catalatic activity 
by 3-amino-1:2:4-triazole. Hydrogen peroxide was 
dialyzed into the catalase solution. Final concentrations: 
2-6 um ox-liver catalase haematin; 10 mM-aminotriazole; 
50 mm-phosphate-phosphoric acid buffer, pH 5-50; 
50 mm-phosphate buffer, pH 5-95 and 8-00; 50 mm-2- 
amino-2-hydroxymethylpropane-1:3-diol-HCl buffer, pH 
7-0 and 9-0. Total volume in dialysis bag: 3 ml. The outer 
solution (50 ml.) contained 4mm-H,O, and the same 
concentrations of aminotriazole and buffer as the solution 
in the dialysis bag. Incubated for 1-5 hr. at 37°. The 
catalatic activity was estimated according to Feinstein 
(1949) after suitable dilution of samples. 
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from pH 5-5 to 9-0. Lower pH values could not 
be tested because of precipitation of the catalase 
under the required experimental conditions. 

Kinetics of the irreversible inhibition reaction. 
Since a continuous supply of H,O, was required for 
the irreversible inhibition reaction and this reaction 
was not with catalase—H,O, II, as shown above, it 
was probable that catalase—H,O, I was the catalase 
complex involved. The irreversible inhibition of 
catalase by 3-amino-1:2:4-triazole in the presence of 
H,O, was followed by determining the catalatic 
activity, at suitable intervals, in the system in 
which H,O, was dialysed into the incubation 
mixture. Plotting the logarithm of the percentage 
of the original catalase activity against time gave 
straight lines only during the early stages of the 
reaction, and the period of time during which the 
line obtained remained straight increased with a 
decrease in temperature and a decrease in the 
inhibitor concentration. The overall plot was a 
sigmoid curve (Fig. 7). 

For all the kinetic calculations that follow, only 
the initial slope of such curves was used. The pos- 
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log percentage of original catalase activity 
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Fig. 7. Kinetics of irreversible inhibition of catalase by 
3-amino-1:2:4-triazole. Hydrogen peroxide was dialysed 
into the catalase solutions. Final concentrations in 
dialysis bag: 54m ox-liver catalase haematin; 0-1M- 
phosphate buffer, pH 7-0; 20 mm-aminotriazole (curve 1) 
and 0-1 m-aminotriazole (curve 2). Volume: 5 ml. The 
outer solution (100 ml.) contained the same concentra- 
tions of buffer and aminotriazole, no catalase and 4 mm- 
H,0,. Temp., 37°. The catalatic activity was estimated 
according to Feinstein (1949) after suitable dilution of 
samples. 
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sible reasons for the sigmoid shape of these curves 
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are discussed below. It should also be noted that 
the data for these kinetic calculations were obtained 
at 22°, since kinetic data given by Chance, Green- 
stein & Roughton (1952) and Beers & Sizer (1953) 
required for these calculations were also obtained at 
22°. The derivation of two kinetic equations suitable 
for the estimation of the second-order reaction 
constant for the irreversible inhibition reaction (k,), 
in this system, assuming the reaction to occur 
between the inhibitor and catalase-H,O, I (see 
Appendix, equations 9 and 12), made it possible to 
show that the experimental data obtained fitted 
well with these two assumptions. 

Thus plotting the inverse of the first-order 
reaction constant for the irreversible inhibition of 
catalase by 3-amino-1:2:4-triazole in the presence 
of H,O, (1/A) against the inverse of the inhibitor 
concentration (1/7) gave a straight line (Fig. 8), as 
expected from equation (9) (see Appendix). From 
the slope of this line, equal to 1/(k,), in which k, 
was the second-order reaction constant for the 
irreversible reaction of 3-amino-1:2:4-triazole with 
catalase—H,O, I, and n the ratio of the concentra- 
tion of H,O,—bound haem in the primary complex 
to that of total active haem (n 0-33 for ox-liver 
catalase; Beers & Sizer, 1952, 1953), k, was esti- 
mated to have a value of 25 mm~! sec.—1!. The inter- 
cept of the line in Fig. 8 with the 1/A axis was given 
by equation (9) as equal to (1—n)/(k,K,n) in the 
case in which the reversible reaction of 3-amino- 
1:2:4-triazole occurred with free catalase, and by 
equation (13) as equal to 1/(k,K,) in the case in 
which the reversible reaction of 3-amino-1:2:4- 
triazole occurred with catalase—H,O, I. K, and K, 
were respectively the equilibrium constants for 
these two possible alternative reversible reactions. 
The values of K; and K, estimated from the inter- 
cept in Fig. 8 were respectively 44 mm and 22 mm. 
These values checked well with the values of 40 mm 
and 20mm for K, and K, respectively, obtained 
from the direct estimation of the reversible inhibi- 
tion of catalatic activity by 3-amino-1:2:4-triazole 
described above (see Fig. 1). 

On the other hand, plotting the first-order 
reaction constant for the irreversible inhibition of 
catalase by 3-amino-1:2:4-triazole in the presence 
of H,O, (A) against the product of the inhibitor con- 
centration and the first-order reaction constant for 
the decomposition of H,O, at each inhibitor con- 
centration (ik*) gave a straight line passing 
through the origin, as expected from equation (12) 
(see Appendix) (Fig. 9). The slope of this line was 
given in equation (12) as equal to (k,)/k$, in which 
ki was the first-order reaction constant for the 
decomposition of H,O, in the absence of any inhibi- 
tor, and both k, and n were the constants defined 
above. The values for kj and the various values for 
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k* were estimated directly as described above in 
the section on the reversible inhibition of catalatic 
activity by 3-amino-1:2:4-triazole (see Fig. 1). 
With these values and the slope of the line in Fig. 9, 
k, was estimated from equation (12) at 26 mm- 
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Fig. 8. Variation of the inverse of the first-order reaction 
constant (1/A) for the irreversible inhibition of catalase by 
3-amino-1:2:4-triazole with the inverse of the inhibitor 
concentration (1/1). Hydrogen peroxide was dialysed 
into the catalasc sviuiions. Final concentrations in 
dialysis bag: 2-4um ox-liver catalase haematin; 0-1 M- 
phosphate buffer, pH 7-0; varying concentrations of 
aminotriazole. Total volume in dialysis bag: 5 ml. The 
outer solution (50 ml.) contained the same concentrations 
of buffer and aminotriazole, no catalase and 4 mm-H,0Q,. 
Temp., 22°. Samples were removed at short intervals 
and the catalatic activity was estimated according to 
Feinstein (1949) after suitable dilution. The first-order 
reaction constant (A) for the irreversible inhibition of 
catalase by aminotriazole was estimated graphically 
from the initial slope of the plot of log [(H# — q”)/Z] against 
time, in which E — q” was the catalatic activity at time ¢, 
and £ the total initial catalatic activity. The initial 
slopes only were used since the overall shape of the curves 
obtained was sigmoid (see Fig. 7). The second-order 
reaction constant for the reaction of aminotriazole with 
catalase—H,0, I (k,), estimated from the slope of the line 
in this Figure according to equation (9) (see Appendix), 
was 25 mm! sec.-! The equilibrium constants for the 
reversible reaction of aminotriazole with free catalase 
(K;) or the reversible reaction of aminotriazole with cata- 
lase-~H,O, I (K,) estimated from the intercept of the line 
in this Figure with the ordinate, according to equations 
(9) and (13) (see Appendix), were respectively: 44 and 
22 mm. 
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sec.—}, a value which checks well with that estimated 
from Fig. 8 (25 mm! sec.~*). 

Thus two procedures, one in which only the rate 
of the inhibition reaction was estimated, as in Fig. 8, 
and the other in which both the rate of the inhibi- 
tion reaction and the separately determined rate of 
decomposition of H,O, with and without inhibitor 
were used, as in Fig. 9, gave nearly the same value 
for k,. It should, however, be noted that this con- 
firmation of the validity of the kinetic equations 
derived in the Appendix is not independent of the 
confirmation obtained above from the equilibrium 
constants for the possible reversible reactions of 
3-amino-1:2:4-triazole with either free catalase or 
catalase—H,0O, I (K, and K,), which gave comparable 
values whether estimated from the intercept in 
Fig. 8 or determined directly from the data given in 
Fig. 1. Indeed it can be readily shown algebraically 
that since the values for K, and K, obtained by 
these two independent experimental procedures 
were similar, the values for k, obtained by one of 
them or a combination of both must also give 
similar values. 
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Fig. 9. Variation of the first-order reaction constant for the 
irreversible inhibition of catalase by 3-amino-1:2:4- 
triazole with the product of the inhibitor concentration 
and the first-order reaction constant for the decomposi- 
tion of H,O, at each inhibitor concentration (ik*). The 
concentrations of the reactants and the conditions were 
the same as in Fig. 8; k* was estimated from Fig. 1. The 
second-order reaction constant for the reaction of amino- 
triazole with catalase—H,O, I (k;), estimated from the 
slope of the line in this Figure, according to equation (12) 
(see Appendix), was 26 mm“ sec.—. 
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Table 3. Incorporation of 3-amino-[14C]1:2:4-triazole 
into ox-liver catalase in the presence of hydrogen 
peroxide 


Concentrations: 86-5 uM recrystallized ox-liver catalase 
haematin; 40 mm-phosphate buffer, pH 7:0; 10 mm- 
ascorbate; 16 mm-3-amino-[!4C]1:2:4-triazole (18 990 
counts/min./ mole). Total volume, 5 ml. Incubated at 37° 
for 4-5hr until catalatic activity was 3% of the original 
activity. Atmosphere, air. The control was identical, 
except that ascorbate was absent. After incubation, 
mixtures were dialysed for 5 days against 21. of 10 mm- 
phosphate buffer, pH 7-0, changed daily. A portion (75 ml.) 
of final outer solution dried on a planchet showed no 
detectable radioactivity. Moles of 3-amino-[4C]1:2:4- 
triazole incorporated per mole of reacted haematin were 
calculated from the total of the compound incorporated 
and the proportion of free haematin, estimated by the 
effect of cyanide (mm) on the extinction at 422 mu. 
Catalase protein was separated from its haematin by the 
method of Sumner & Dounce (1939). Control protein 
separation was carried out with unlabelled catalase to 
which 3-amino-[C]1:2:4-triazole was added before the 
protein precipitation. See Methods section for technique of 
measuring radioactivity. 

Incorporated amino- 
[4C]triazole 





c ee ~ 
(moles/mole (moles/mole 
of total of reacted 


catalase catalase 
Preparation haematin) haematin) 
1. Irreversibly inhibited 0-83 0-88 
catalase 
2. Control uninhibited catalase 0-06 - 
3. Catalase protein from 0-77 0-82 
irreversibly inhibited 
catalase 
4. Supernatant from protein 0-04 _— 
precipitation of inhibited 
catalase, including 
haematin 
5. Protein from uninhibited 0-00 — 
catalase with added amino- 
[*C]triazole 
6. Supernatant from protein 0-97 _ 
precipitation of 5, including 
haematin 


3-amino-1:2:4-triazole with catalase in the presence 
of hydrogen peroxide. A preparation of irreversibly 
inhibited ox-liver catalase was made with 3-amino- 
(74C]1:2:4-triazole and the system in which the 
auto-oxidation of ascorbate provided the H,O,. The 
excess of 3-amino-1:2:4-triazole was removed by 
prolonged dialysis. A control sample was similarly 
treated except that no ascorbate was present. The 
radioactivities of the inhibited enzyme and the 
control enzyme were estimated and used as a mea- 
sure of the 3-amino-1:2:4-triazole incorporated. 
Suitable corrections were made for protein absorp- 
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tion of radioactivity and for the amount of free 
haematin remaining in the inhibited enzyme, as 
estimated from the percentage of the haematin able 
to bind cyanide to give a changed Soret-band 
spectrum. The results given in Table 3 show that in 
the inhibited enzyme 0-8—0-9 mole of 3-amino-1:2:4- 
triazole was incorporated for each mole of haematin 
which had reacted, whereas the control sample 
showed a small degree of incorporation only. More- 
over, on splitting the haematin from the enzyme 
with acid—acetone the incorporated 3-amino-1:2:4- 
triazole remained entirely in the protein precipitate. 
That this was not an artifact due to absorption of 
3-amino-1:2:4-triazole on the protein precipitate 
was shown by adding 3-amino-[14C]1:2:4-triazole to 
unlabelled free catalase and removing the haematin 
by the same procedure. In this case all of the 
3-amino-1:2:4-triazole was recovered in the super- 
natant. 


DISCUSSION 


The experiments presented above showed that 
3-amino-1:2:4-triazole was not unique in its ability 
to cause the irreversible inhibition of catalase in the 
presence of a continuous supply of hydrogen 
peroxide. A series of related organic compounds 
were similarly active. The experiments with amino- 
[14C]triazole indicated that the essential binding of 
the inhibitor was to the protein of the enzyme and 
not to the haematin. Moreover, had the inhibitors 
of the aminotriazole series, which all contained a 
free primary amino group, co-ordinated with the 
haem iron in the irreversibly inhibited catalases one 
would expect a striking change in spectrum, where- 
as the spectrum of the 3-amino-1:2:4-triazole- 
inhibited catalase differed only slightly from that of 
the original catalase (Margoliash & Novogrodsky, 
1958a). 

The haem iron was nevertheless affected since 
after irreversible inhibition it could not bind 
cyanide. Whether this was due to the fixation of 
the aminotriazole near the iron so as to prevent 
sterically its reaction with cyanide, or whether the 
inhibitor although fixed at a distant position 
changed the whole configuration of the protein so 
as to make the iron unavailable to cyanide, cannot 
be decided on the basis of the present data. How- 
ever, both the ease of crystallization of the irre- 
versibly inhibited catalases and the hydrogen 
peroxide requirement for the inhibition reaction 
tended to make the first possibility the probable 
one, although they did not exclude the second. 
Similarly, excluding the possibility that the effec- 
tive inhibitory molecule is an oxidation product of 
the inhibitor formed and set free by the enzyme- 
hydrogen peroxide system, a possibility for which 
no evidence could be found (Margoliash & Novo- 
grodsky, 1958a), two possible mechanisms could 
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have accounted for the irreversible inhibition 
reaction. In one, the hydrogen peroxide of complex 
I would ‘activate’ in a chemical sense an adjacent 
site on the protein, enabling it to react with the 
inhibitor, and in the other the hydrogen peroxide 
would change the spatial arrangement of the 
protein molecule, making a distant group available 
for spontaneous reaction with the inhibitor. 
Experiments designed to distinguish between 
these two types of inhibition mechanism and 
their corresponding products are being carried 
out. 

The hydrogen peroxide requirement for the 
irreversible inhibition reaction indicated that either 
a catalase-hydrogen peroxide complex was the 
reactive species involved or that hydrogen peroxide 
reacted with a catalase—inhibitor complex. How- 
ever, the irreversible inhibition reaction appeared 
to be a second-order reaction between the inhibitor 
and catalase-hydrogen peroxide complex I. This 
conclusion was supported by the applicability of 
kinetic equations derived on such an assumption to 
the experimental data obtained from both measure- 
ments of the rate of irreversible inhibition and 
measurements of the reversible reaction of 3-amino- 
1:2:4-triazole with the enzyme. The protective effect 
of catalase-hydrogen peroxide complex I donors 
against the irreversible inhibition and the lack of 
effect of pH on the rate of the irreversible inhibition 
reaction were in agreement with this conclusion. 
Indeed, catalase-hydrogen peroxide complex I 
donors decrease the steady-state concentration of 
the primary complex (Chance, 1953), and complex I 
is known to be unaffected by pH with respect to 
both its rate of formation and its rate of reaction 
with donors (Chance, 1952). It was shown, more- 
over, that although the inhibitors of the amino- 
triazole series reacted with catalase—hydrogen 
peroxide complex II, the product of this reaction 
was free uninhibited catalase. 

A remarkable feature of the irreversible inhibition 
reaction was that when the logarithm of the cata- 
latic activity was plotted against time a sigmoid 
curve was obtained, so that for all the kinetic 
calculations only the initial slopes of such curves 
could be used. In the kinetic equations developed 
for this system (see Appendix) two parameters 
were assumed to remain constant throughout the 
reaction: the second-order reaction constant for the 
reaction of catalase-hydrogen peroxide complex I 
(k;) and the ratio of haem bound to peroxide in 
complex I to total active haem (n). If these values 
actually remained constant then a straight line 
should have been obtained. A change in k, would 
mean that the incorporation of one molecule of 
inhibitor near one haem increased the reactivity of a 
second haem in the same catalase molecule in this 
reaction. A change of n would mean that the per- 
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centage of haem bound by peroxide in complex I 
to total active haem increased with the number 
of aminotriazole molecules incorporated. Both 
phenomena could be interpreted as haem—haem 
interaction in the irreversible inhibition reaction, 
and may well indicate that the haems in each 
catalase molecule are spatially near each other. 

A result of the demonstration that the inhibition 
of catalase by 3-amino-1:2:4-triazole occurred 
through a reaction with the primary hydrogen 
peroxide complex was that, since aminotriazole 
rapidly decreased the catalatic activity of the liver 
and kidney after its injection into laboratory 
animals (Heim e¢ al. 1956), complex I must be 
formed in vivo in the liver and kidney. Moreover, 
the experiments of Nelson (1958) showing that the 
simultaneous injection of ethanol with amino- 
triazole into rats prevented the decrease in liver- 
catalase activity can be interpreted to mean that 
the catalase—hydrogen peroxide complex I formed 
in vivo was fully active towards catalase—hydrogen 
peroxide complex I donors. On the other hand the 
inhibition of catalase in vivo by aminotriazole 
indicated that there did not appear to be a sufficient 
concentration of naturally occurring catalase— 
hydrogen peroxide complex I donors available to 
the enzyme in the liver and kidney to prevent this 
inhibition. Aminotriazole did not affect the 
catalatic activity of blood in vivo (Heim et al. 1956) 
and the catalatic activity of blood haemolysates in 
vitro was decreased slowly and only after the addi- 
tion of a source of hydrogen peroxide (Margoliash & 
Novogrodsky, 1958a). This probably indicated that 
blood contained substances that could act as 
catalase-hydrogen peroxide complex I donors in 
concentrations high enough to prevent or retard the 
aminotriazole inhibition of the enzyme. 

The 3-amino-1:2:4-triazole-catalase system was 
sensitive to hydrogen peroxide, and since the 
inhibitory effect was cumulative and irreversible 
this system could readily be used to detect the 
production of hydrogen peroxide at low concentra- 
tions over a relatively long period of time. Thus 
Margoliash & Novogrodsky (19586) have used this 
system for demonstrating the production of 
hydrogen peroxide from boiled aqueous tumour 
extracts and its relation to the catalase inhibitory 
activity of such extracts (Hargreaves & Deutsch, 
1952). 


SUMMARY 


1. In addition to 3-amino-1:2:4-triazole a series 
of related compounds could cause the irreversible 
inhibition of purified recrystallized catalase prepara- 
tions in the presence of hydrogen peroxide. Of all 
the compounds tested S-methylisothiosemicarb- 
azide caused the most rapid inhibition. The mini- 
mal structure required for inhibitory activity in 
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this series was >N*NH-C(NH,):R, or an isomer of 

this structure, in which the primary amino group 

attached to the C atom had to be unsubstituted and 
% could be S, O or NH. 

2. Substances which can be oxidized by catalase— 
hydrogen peroxide complex I, such as ethanol, 
formate, nitrite, pyrogallol, etc., prevented the 
occurrence of these inhibitions but could not reverse 
them once they had taken place. 

3. The rate of inhibition at any particular 
enzyme, inhibitor concentration and temperature 
did not vary from pH 5-5 to 9-0. 

4. The effective inhibitors of this series reacted 
with catalase-hydrogen peroxide complex ITI or 
catalase-methyl hydroperoxide complex II to 
liberate free catalase. The second-order reaction 
constant of this reaction at 37° was 0-26m— sec.—1 
for 3-amino-1:2:4-triazole and 2-4m-} for 
S-methylisothiosemicarbazide. 

5. In addition to the irreversible inhibition, 
3-amino-1:2:4-triazole reversibly inhibited catalatic 
activity. The directly determined equilibrium con- 
stants for the possible reversible reactions of this 
inhibitor with either free catalase or the primary 
complex were respectively 40 mm and 20 mm at 22°. 

6. A plot of the logarithm of the catalatic 
activity against time during the irreversible inhibi- 
tion of catalase by 3-amino-1:2:4-triazole in the 
presence of an excess of hydrogen peroxide gave a 
sigmoid curve. The possible reasons for such a curve 
are discussed. 

7. Two independent kinetic equations for the 
irreversible reaction of the inhibitors with catalase— 
hydrogen peroxide complex I were derived. These 
equations fitted the kinetic data obtained on the 
initial rates of the irreversible inhibition reaction 
and on the reversible inhibition of catalatic activity. 
For 3-amino-1:2:4-triazole the second-order reaction 
constant for the irreversible reaction with complex I 
was about 25 mm~—! sec.—!, at 22°, calculated from 
either equation. 

8. Catalase which had been irreversibly inhibited 
by 3-amino-1:2:4-triazole had incorporated approxi- 
mately 1 mole of inhibitor for each mole of catalase 


sec.—! 
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haematin which had reacted. On liberation of the 


haematin by acid—acetone the incorporated inhibitor 


remained attached to the protein. 

The authors are grateful to Professor F. Bergman and 
Mr G. Levin for some of the compounds used in the present 
study. 
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APPENDIX 
Kinetics of Irreversible Inhibition of Catalase 
By E. MARGOLIASH anp A. SCHEJTER 
Department of Experimental Medicine and Cancer Research, The Hebrew University- 
Hadassah Medical School, Jerusalem, Israel 
(Received 2 February 1959) 
The inhibitors of the 3-amino-1:2:4-triazole series ke 
will cause an irreversible inhibition of catalase in OF ES + I= ESI’, (D) 
the presence of hydrogen peroxide (Margoliash & & mee 
(p) (*) (q’) 


Novogrodsky, 1958; Margoliash, Novogrodsky & 
Schejter, 1960). Assuming that the irreversible 
inhibition reaction was a second-order reaction 
between these inhibitors and catalase-H,O, com- 
plex I, and under experimental conditions in which 
H,O, is continuously supplied in excess, so that 
steady-state conditions may be assumed for the 
catalatic reaction (Chance, Greenstein & Roughton, 
1952), the following three sets of reactions had to be 
considered. 

(1) The reactions between catalase and hydrogen 
peroxide involving catalase—H,O, I, which can be 
represented by the following equations, according 
to Chance et al. (1952): 


k, 
E + S=ES (A) 
ks 
(E—p-—q-q) (8) (p) 
ky 
ES + S—E+products, (B) 
(p) 


in which E represents the enzyme, S the substrate, 
hydrogen peroxide, and ES the primary complex 
(catalase—H,O, I). The expressions in parentheses 
represent the concentrations of the reactants under 
which they are marked and the symbols the con- 
centrations of the total original enzyme concentra- 
tion (Z£) in terms of catalase haematin, the primary 
complex (p), the enzyme haematin bound reversibly 
by the inhibitor (g’) and the enzyme haematin 
irreversibly reacted with the inhibitor (q’). 

(2) The reversible inhibition of catalase by the 
inhibitors of the aminotriazole series, first reported 
for 3-amino-1:2:4-triazole by Heim, Appleman & 
Pyfrom (1956), may be considered to be due to 
reversible reactions between the inhibitor and 
either the free enzyme or its primary complex, as 
follows: 

ks 
Lh Et’ 

k_, 

(t) 


either E + (C) 


(E—p—q’—9q’) (q’) 


in which I represents the inhibitor, 7 its concentra- 
tion and EI’ and ESI’ the reversibly inhibited 
enzyme complexes produced by reactions (C) and 
(D) respectively; K, will be used to represent the 
equilibrium constant for reaction (C) and K, that for 
reaction (D). Different symbols were not used for 
the two possible types of reversible inhibitions 
since they will be considered separately as alterna- 
tive possibilities. 
(3) The irreversible reaction between the primary 
complex and the inhibitor, which may be written: 
k, 
ES+I1— EI’+(?), 
(p) (*) 9’) 


in which EI” represents the irreversibly inhibited 
enzyme and q” its concentration in terms of 
irreversibly inhibited catalase haematin. Since it is 
not known whether in the irreversible inhibition 
reaction peroxide or a product of peroxide is 
liberated or remains bound to the irreversibly 
inhibited catalase the symbol (?) has been added to 
equation (Z). None of the symbols for the various 
enzyme-inhibitor complexes was intended to imply 
any particular structure or composition. 

Under steady-state conditions for the catalatic 
reaction. the ratio of the concentration of haematin 
bound by hydrogen peroxide in complex I and the 
total active enzyme haematin is a constant (Chance 
et al. 1952). With the reactions postulated above 
for the present system this ratio was: 


(£) 


Pp 


~ = = (1) 
E-q-q 


= n. 


The reversible reaction of the inhibitors with 
either the free enzyme (reaction C) or the primary 
complex (reaction D) could be formulated respec- 
tively: 

(E—p—q—q')t = 1K; (2) 
q' Kg. 


and pi = 
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First The reversible inhibition reaction 
occurred between the inhibitor and the free 
enzyme (reactions A, B, C and E took place). 

From equations (1) and (2), after suitable trans- 
formations between them, q’ can be eliminated, and 


case. 


solving for p gave 


[((E—q")Ks)/é 


= ; . 4 
P= [0 +{K,/i})n]—1 o 
Reaction (£) could be formulated 
dq’ . 
= 501. 5 
dt 7 pt (5) 


Introducing the expression for p given in (4) into (5) 
and integrating between the limits of 0 and ¢ for the 
time, and 0 and q” for the inhibited enzyme con- 
centration gave 
boi em ky Ks t. 
an ((1+{K;/¢})/n]—-1 


(6) 


Defining the coefficient of ¢ in (6) as A, equation (6) 
gave 


(7) 


in which d is the first-order reaction constant for the 
irreversible inhibition of the enzyme and may be 
determined experimentally by plotting log (H —q’)/ 
E against ¢. 

From equation (6): 


k, K; 
Se aoe (8) 
[(1 + {K;/2})/n]—-1 
Transformation of (8) gave 
1 l-—n ie | 
(9) 


h &,K,n' kni’ 


It may be readily seen from (9) that plotting 1/A 
against 1/2 should give a straight line, the slope of 
which (1/k,n) could permit the calculation of k, 
assuming a value for n, and the intercept of that 
line with the 1/A axis ([1—7]/k,K,n) could permit 
the calculation of K, by using the value of k, ob- 
tained from the slope. 
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Moreover, K, may be independently estimated 
from the equation developed by Beers (1955): 


R, kei 


8 = (R$ 1) HR)" ™ 
in which R, is related to n by the equation 
n= : : (11) 
R,+1 


and k; and k*, are respectively the first-order reac- 
tion constants for the decomposition of H,O, in the 
absence and in the presence of a concentration of 
inhibitor equal to7. Introducing equations (10) and 
(11) into (8), after suitable transformations the 
following equation could be obtained: 
d kon 
ki 
ki and k* can be determined experimentally for dif- 
ferent values of i, and plotting A against k*7i should 
give a straight line passing through the origin, the 
slope of which (k,n/kj) could permit the calculation 
of ky. 

Second case. The reversible inhibition reaction 
occurred between the inhibitor and the primary 
complex (reactions A, B, D and EF took place). 

By the use of equations (1) and (3) and treating 
them in the same way as for the first case gave 

1 ] 4 
i = sé ni- 

Introducing in (13) the expression for K, given by 

Beers (1955): 


Kei. (12) 


(13) 


< _ __ i) 
S (Ret+1) (K- 


gave, after suitable transformations, equation (12). 


(14) 
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An Unusual Polysaccharide in Chondroid Tissue of 
the Snail Busycon: Polyglucose Sulphate 


By J. W. LASH* ann M. W. WHITEHOUSE} 
Departments of Anatomy and Biochemistry School of Medicine, University of Pennsylvania, 
Philadelphia 4, Pennsylvania, U.S.A. 


(Received 31 March 1959) 


It is commonly accepted that if a tissue looks like 
cartilage it is to be considered cartilage. The 
characterization of tissues must, however, also 
take into consideration their chemical composi- 
tion. Cartilage tissue is defined as tissue which, 
besides fulfilling the histological requirements of 
possessing a hyaline metachromatic matrix, can 
also be extracted to yield one or more of the chon- 
droitin sulphates (A and C) and keratosulphate. 
These polysaccharides can be characterized by acid 
hydrolysis to yield respectively D-galactosamine, 
p-glucuronic acid and sulphuric acid or D-glucos- 
amine, galactose and sulphuric acid. 

The rasping organ (radula) in snails is supported 
by a chondroid apparatus, the odontophore. It was 
noted that the chondroid odontophore of the marine 
snail, Busycon caniculatum, does not contain 
chondroitin sulphate (Lash, 1959). Evidence has 
now been obtained which indicates that the poly- 
saccharide present in this chondroid matrix is 
actually a polyglucose sulphate. 


MATERIALS AND METHODS 


The odontophores were dissected from the probosces and 
all attached muscles were removed. The tissues were 
stored in 100 vol. of acetone at 4°. Before analysis the 
tissues were removed from the acetone and allowed to dry 
at room temperature. 

Extraction of the polysaccharide. Since the alkaline- 
extraction method of Einbinder & Schubert (1950) de- 
graded the polysaccharide, enzymic digestion of the whole 
tissue with trypsin was employed (cf. Schiller, Mathews, 
Jefferson, Ludowieg & Dorfman, 1954). Odontophores 
were placed in dialysis sacs containing phosphate buffer, 
trypsin (approx. 5 mg./g. of odontophores) and a little 
thymol. The sac was suspended in 21. of potassium phos- 
phate buffer (0-1m, pH 7-8) containing some thymol and 
stirred magnetically. Tryptic digestion was continued for 


a total period of 5 days at 38°, the dialysis medium being ° 


renewed after 2 days. Protein was removed from the 
contents of the dialysis sac by addition of 1/3 vol. of 40% 
(w/v) trichloroacetic acid. Precipitated protein was 
removed after 30 min. by centrifuging. The supernatant 
was dialysed against distilled water for 3 days at 4° and 


* Helen Hay Whitney Foundation Research Fellow. 
t Present address: Department of Biochemistry, 
University of Oxford. 


concentrated at 28° under reduced pressure in a vacuum 
desiccator. 

Ionophoresis. A small volume of the concentrated 
extract was spotted on Whatman no. 3MM paper and 
submitted to ionophoresis in 0-2M-sodium borate buffer, 
pH 8-6, with a potential gradient of 12v/em. The paper 
strip was stained for metachromatic areas by immersion in 
0-15 % (w/v) thionin in 65% (v/v) ethanol, acidified with 
approx. 0-1 % (v/v) acetic acid. Excess of stain was washed 
out with either 95% (v/v) ethanol or running tap water. 
Heparin (Abbott Laboratories, North Chicago, IIl., U.S.A.) 
and chondroitin sulphate from various animal tissues 
(bovine trachea, costal cartilage and nasal septa; chick 
embryonic cartilage; marine cartilaginous fishes) were run 
simultaneously as controls. 

Analysis for monosaccharides. The dried extract was 
hydrolysed with n-sulphuric acid for 4 hr. in sealed tubes 
at 105°. The hydrolysate was neutralized with solid barium 
carbonate, centrifuged and concentrated under reduced 
pressure. Hydrolysates were examined for reducing sugars 
by the following procedures. (a) Paper chromatography on 
Whatman no. 1 paper, irrigated with butanol-acetic acid— 
water (4:1:5, v/v) for 18hr., or with pyridine-ethyl 
acetate—water (1:2:2, v/v) for 18 hr. The chromatograms 
were stained with either aniline oxalate or with ammoniacal 
silver nitrate. (b) Paper ionophoresis on Whatman no. 
3MM paper in either potassium phthalate (0-2M, pH 6-0) or 
sodium borate (0-2m, pH 8-6) buffer (Consden & Stanier, 
1952). (c) Glucose was detected with the specific glucose 
oxidase, notatin, by the detection of generated hydrogen 
peroxide with horse-radish peroxidase, tartrazine (FD & C 
yellow no. 5) and o-tolidine (Comer, 1956). Test papers 
(TesTape, Eli Lilly and Co., Indianapolis, Ind., U.S.A.) 
impregnated with these combined enzymes and reagents 
were immersed in neutralized solutions of the acid hydro- 
lysate. Analysis for 2-aminohexoses by the Elson—Morgan 
colour reaction (Blix, 1948; Gardell, 1958) was carried out 
after destruction of the bulk of the neutral sugars by 
hydrolysing the tissue with 4N-hydrochloric acid for 18 hr. 
at 105° (cf. Werner, 1953). Uronic acid content was tested 
by the carbazole reaction (Dische, 1947, 1950, 1955). 

Total reducing sugar was measured on hydrolysates of 
the extracted odontophore polysaccharide. The dried poly- 
saccharide was redissolved in water with shaking at 4° and 
adjusted to about pH 7-0 by the addition of sodium bi- 
carbonate. Samples were hydrolysed with n-hydrochloric 
acid in sealed tubes at 105° for 4 and 6 hr., neutralized with 
2n-sodium hydroxide and analysed colorimetrically by 
Nelson’s (1944) modification of the micro-Somogyi method. 
Glucose standards were heated with n-hydrochloric acid 
and neutralized under the same conditions. 
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a-Amino groups were measured colorimetrically with 
ninhydrin (Moore & Stein, 1948), glucosamine hydro- 
chloride and glycine being used as standards. 

Sulphate determination. The micro method of Bertolacini 
& Barney (1957), employing barium chloranilate (Fisher 
Scientific Co., Philadelphia, Pa., U.S.A.), was used to 
determine sulphate content in hydrochloric acid hydro- 
lysates of the odontophore polysaccharide. Since uronic 
acids interfere with the barium chloranilate colour reaction 
(M. W. Whitehouse and J. W. Lash, unpublished observa- 
tions), the sulphate content in hydrolysates of chondroitin 
sulphate and heparin was estimated spectrophotometrically 
after precipitations with benzidine hydrochloride (Ander- 
son, 1953). 

Anticoagulation tests. Blood (0-5 ml.) was drawn from the 
right ventricle of a male albino rat (Wistar strain) and 
transferred immediately to small test tubes containing 
0-1 ml. of the solutions being tested for anticoagulant 
properties. Approx. 1% solutions of the sodium salts of 
heparin, chondroitin sulphate and the odontophore extract 
were used. Blood was considered to be clotted when it 
failed to run down the sides of the inverted tube. 


RESULTS 
Properties of the odontophore extract 


The fresh odontophore contains a large amount of 
myoglobin, which is readily extracted with water 
or dilute salt solutions (Lash, 1959). The chondroid 
matrix remaining after extraction of the myo- 
globin exhibits strong metachromasia in histo- 
logical sections. Attempts to extract the meta- 
chromatic material directly by using various salt 
solutions (potassium chloride, potassium carbon- 
ate) led to degradation of the molecule and loss of 
metachromasia. The metachromatic material was 
readily released into solution after tryptic di- 
gestion. This extract gave a pronounced meta- 
chromatic spot when it was dried on filter paper 
and stained with the ethanolic thionin. Table 1 
shows that this extract contains an acidic com- 
ponent with an ionophoretic mobility slightly 
greater than that of chondroitin sulphate. The 
mobilities of chondroitin sulphate and heparin are 
comparable with the values reported by Pasternak 
& Kent (1952). 

This metachromatic material behaved 
typical acidic polysaccharide, being precipitated 
from solutions of low ionic strength by hex- 
amminocobaltichloride (Mathews & Dorfman, 


as a 


Table 1. 


Odontophore polysaccharide 
Chondroitin sulphate (sodium salt) 
Heparin (sodium salt) 
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1953), cetyltrimethylammonium bromide (Cetavlon) 
(Bera, Foster & Stacey, 1955) and certain other 
organic bases (neomycin, spermine). 

Additional evidence for the similarity between 
the odontophore polysaccharide and other acidic 
polysaccharides was obtained by testing for anti- 
coagulant properties. Table 1 shows that the 
odontophore polysaccharide exhibits marked anti- 
coagulant activity. Untreated blood coagulated in 
1-2 min., whereas chondroitin sulphate, heparin 
and the odontophore polysaccharide considerably 
delayed the clotting time. Chondroitin sulphate 
and the odontophore polysaccharide delayed the 
clotting time for 2 and 3 hr. respectively. Heparin- 
treated blood failed to clot after 3 hr. 

The presence of ester-bound sulphate was shown 
by the colour reaction with barium chloranilate 
after acid hydrolysis. Phosphate ions did not give a 
positive reaction and had no effect upon the sul- 
phate determinations. Both acetone-extracted 
whole tissue and the dialysed products of trypsin 
digestion were hydrolysed separately in 4N- 
hydrochloric acid. These hydrolysates gave a 
positive colour reaction for SO,?- ions. These 
findings indicate that the acidity and metachro- 
matism of the dialysed extract is due to ester 
sulphate groupings, and not to macromolecular 
phosphates. 


Nature of the monosaccharide component 


Acid hydrolysis of the extract gave a single 
component, identified as glucose by paper iono- 
phoresis in borate buffer, pH 8-6, and paper chro- 
matography in the pyridine—ethyl acetate solvent 
system. Both of these procedures separate glucose 
from galactose, mannose and the 2-aminohexoses. 
Confirmation of the identity of the monosaccharide 
as D-glucose was obtained with the specific glucose 
oxidase, notatin, and detection of the enzymically 
generated hydrogen peroxide. Hydrolysis of the 
precipitated complexes formed with Cetavlon or 
hexamminocobaltic ions yielded glucose as the 
only monosaccharide component. No trace of a 
uronic acid or aminosugar was found in any of the 
hydrolysates. The Dische colour reaction for uronic 
acid and the Elson—Morgan colour reaction for 2- 
aminohexoses were both negative. 


Properties of the odontophore polysaccharide and some other acidic polysaccharides 


Sulphate 
content Ionophoretic 
Anticoagulation (%) mobility* 
+++ 35 — 12-2 
++ 15 -118 
+++ + 44 — 14-5 


* Mobility = p» x 10-* cm.?/sec.—1/v—! at 22°. 
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The odontophore extracts and the tissue itself 
gave no colour reactions with iodine, excluding the 
possibility of the polysaccharide being glycogen or 
any other 1:4-«-linked polyglucose. 

This evidence indicates that the acidic polysac- 
charide extracted from the chondroid matrix of the 
odontophore is either a polyglucose sulphate or a 
mixture of polyglucose sulphates with very similar 
ionophoretic mobilities. 


Analytical results 


In a typical extraction, 640 mg. of dried odonto- 
phores yielded 174 mg. of dry protein-free poly- 
saccharide. This represents a polysaccharide sul- 
phate content of 27% for the odontophore. The 
acidic polysaccharide content of hyaline mammalian 
cartilage is reported to be approx. 20% of the dry 
weight (Meyer, Hoffman & Linker, 1959). 

After hydrolysis with hydrochloric acid for 
4 hr. SO,?- ions equivalent to 35% (average of 33, 
34 and 37%) of the unhydrolysed polysaccharide 
were liberated. Unhydrolysed solutions of the 
polysaccharide failed to react with the barium 
chloranilate reagent, indicating no measurable 
content of free SO,?- ions. 

The reducing equivalent, calculated as glucose, 
of 4 hr. hydrolysates was found to be 57 % (average 
of 58-8, 54:2 and 57-2%), not increased by ex- 
tension of the duration of hydrolysis to 6 hr. The 
reducing equivalent of unhydrolysed solutions of 
the polysaccharide sulphate, after neutralization 
with sodium bicarbonate, corresponded to 0-51 %. 
The minimum size of the macromolecule must 
therefore correspond to a degree of polymerization 
of at least 100. The cunient of reducing sugar and 
of SO,?- ions measured after hydrolysis accounts 
for approx. 92 % of the dry weight of the extracted 
polysaccharide. That very little protein or poly- 
peptide was associated with this material was 
indicated by the feeble ninhydrin reaction (corre- 
sponding to only 0-08 % «-amino content) given by 
4- and 6-hr. hydrochloric acid hydrolysates. 


DISCUSSION 


Comparison of the odontophore polysaccharide 
with chondroitin sulphate and heparin 


The polyglucose sulphate extracted from the odonto- 
phore has many molecular properties resembling 
those of a chondroitin sulphate from mammalian 
cartilage. The two polysaccharides exhibit strong 
metachromasia, similar ionophoretic mobilities 
and similar precipitation reactions. 

The odontophore polyglucose sulphate has like- 
wise appreciable antihaemocoagulant properties. 
Other sulphated polysaccharides have been shown 
to act as anticoagulants: dextran sulphates 
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(Ricketts, 1952), cellulose sulphates (Chargaff, 
Bancroft & Stanley-Brown, 1936; Karrer, Koenig 
& Usteri, 1943), glycogen and starch sulphates 
(Bergstrom, 1936) and other polyglucose sulphates 
(Kent, 1953; Wood & Mora, 1958). These anti- 
coagulant properties are dependent upon molecular 
size and degree of sulphation, rather than upon 
any specific molecular structure. 

Both heparin and the chondroitin sulphates have 
B-glycosidic linkages. Both the native odontophore 
polysaccharide and partially desulphated prepara- 
tions resulting from mild alkaline treatment gave 
no colorations with iodine and had low optical 
rotation. This suggests that the odontophore 
polyglucose sulphate is not 1:4-«-glycosodically 
linked. Further studies are in progress in an 
attempt to establish whether or not the odonto- 
phore polysaccharide is related to cellulose. 


Comparative biochemistry of 
polysaccharide sulphates 


In higher animals, heteropolysaccharide sul- 
phates are found principally in the connective 
tissues. These animal polysaccharides include the 
chondroitin sulphates (A, B and C), keratosulphate, 
heparin and the heparitin sulphates (Meyer, 
Davidson, Linker & Hoffman, 1956; Kent & 
Whitehouse, 1955; Linker, Hoffman, Sampson & 
Meyer, 1958), all of which contain either D-glucos- 
amine or D-galactosamine. These compounds have 
been designated ‘mucopolysaccharides’ (Stacey, 
1946; Meyer, 1955). Some related mucopolysac- 
charides have been isolated from marine inverte- 
brates. Thus a series of heparin-like compounds, the 
mactins, have been extracted from clam tissues 
(Burson et al. 1956) and a polysaccharide somewhat 
resembling keratosulphate has been detected in the 
mucin secreted by the hypobranchial gland of 
Busycon caniculatum (Bacila & Ronkin, 1952; 
Kwart & Shashoua, 1957; Shashoua & Kwart, 
1959). Limacoitin sulphate, from the mucin of a 
Japanese snail, contains ester sulphate, L-fucose, 
galactose, mannose, galacturonic acid and glucos- 
amine (Masamune & Yosizawa, 1956). 

The mucopolysaccharides synthesized by marine 
invertebrates resemble in many respects some of 
the polysaccharide sulphates found in marine 
algae (reviews by Mori, 1953; Hirst, 1958; Richard- 
son & Dewar, 1958). These plant polysaccharides 
are typified by carrageenin and agar-agar (poly- 
galactose sulphates from the red seaweeds), the 
fucoidins (polyfucose sulphates from the brown 
seaweeds) and the mucilage from Dilsea edulis (a 
heteropolysaccharide containing D-galactose, gluc- 
uronic acid, xylose, 3:6-anhydrogalactose and 
ester sulphate). 

Vasseur (1948, 1950) has found that the coatings 
of sea-urchin eggs contain either polyfucose or 
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polygalactose sulphate, depending upon the species 
of echinoderm. Polyglucose sulphates are found in 
the mucin of the marine snail Charonia lampas 
(Soda & Tereyama, 1948; Egami e¢ al. 1955), and, 
as this report indicates, in the odontophore of the 
marine snail Busycon. Whereas these polyhexose 
sulphates were found in either mucin or egg coats, 
i.e. associated with tissues of epithelial origin, the 
polyglucose sulphate of Busycon is found in typical 
connective tissue, the odontophore. In this respect 
it serves a supportive function, comparable to the 
role of chondroitin sulphate in the cartilage of 
higher animals and the cellulose in the cell wall of 
plants. This comparison may not be adventitious, 
since ‘cellulose sulphate’ has been found to be 
present in the mucin of another marine snail, 
Charonia lampas (Soda & Tereyama, 1948; Egami 
et al. 1955). The probable ubiquity of cellulose is 
becoming more and more apparent, with its de- 
tection in certain animals including the higher 
mammals (Hall, Lloyd, Saxl & Happey, 1958). 


Similarities between the odontophore and cartilage 


The chondroid odontophore is in many respects 
similar to mammalian cartilage; histologically it 
exhibits a typical hyaline metachromatic matrix, 
and it contains a polysaccharide sulphate. These 
similarities, however, are less important than the 
biochemical differences between typical mam- 
malian cartilage and the chondroid odontophore. 
On the basis of its chemical composition alone, the 
odontophore cannot be considered normal cartilage 
tissue. 

The odontophore of Busycon is remarkable in 
other respects. It contains myoglobin, whereas the 
respiratory pigment for the rest of the organism is 
haemocyanin (Lash, 1959). Even though Busycon 
synthesizes elsewhere a mucopolysaccharide charac- 
teristic of mammalian connective tissue (containing 
D-glucosamine, D-galactosamine and ester sul- 
phate) in the hypobranchial gland (Shashoua & 
Kwart, 1959), this completely atypical structural 
polysaccharide is synthesized in the chondroid 
matrix of the odontophore. It would appear that 
this tissue is deficient in the metabolic apparatus 
for transforming glucose into 2-aminohexoses and 
other monosaccharide components of normal con- 
nective-tissue polysaccharides. 


SUMMARY 


1. A polyglucose sulphate has been extracted by 
tryptic digestion from the odontophore of the 
marine snail Busycon caniculatum. D-Glucose was 
the sole monosaccharide component detected in 
acid hydrolysates. 

2. Although the odontophore is a chondroid 
tissue, no evidence could be found for the occur- 


rence therein of either a chondroitin sulphate or 
keratosulphate. 

3. The odontophore polysaccharide was com- 
pared with heparin and chondroitin sulphates with 
respect to precipitation reactions, anticoagulation 
properties and ionophoretic mobility. 

4. The odontophore polyglucose sulphate may be 

a cellulose sulphate. 
5. The histological and chemical basis for de- 
fining a tissue as cartilaginous are discussed. On 
the basis of its biochemical properties, the odonto- 
phore cannot be considered as normal cartilage. 


This investigation was begun while one of us (J. W. L.) 
was a Lalor Foundation Fellow at the Marine Biological 
Laboratory, Wood’s Hole, Mass., U.S.A. Additional support 
was obtained from a grant (A-1980) from the National 
Institutes of Health, Public Health Service, and from the 
Helen Hay Whitney Foundation. 
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Metabolism of Nicotinamide and Nicotinic Acid in 
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Sundaram, Radhakrishnamurty & Sarma (1954) 
and Sundaram & Sarma (1954) reported that in the 
larva of the rice moth, Corcyra cephalonica St., N’- 
methylnicotinamide is not an excretory product of 
nicotinic acid and nicotinamide as it is in many 
higher animals. The end products of the vitamin 
metabolism in this insect are principally nicotinic 
acid and to a lesser but significant extent nicotin- 
uric acid. It was inferred that the deamidation of 
nicotinamide is an important pathway in the 
metabolism of the vitamin in Corcyra. Somewhat 
similar observations have been recently made for 
the mould Neurospora crassa, which neither 
methylates the vitamin nor conjugates it with 
glycine but disposes of it predominantly as free 
nicotinic acid, deamidating nicotinamide in the 
process (Sundaram, Rajagopalan & Sarma, 1958). 

The results of a study of the metabolism of 
MC.labelled nicotinic acid and nicotinamide in 
Corcyra and the enzymes mediating the deamid- 
ation and the conjugation reactions are presented in 
this paper. 


* Post-doctoral National Research Fellow, Ministry of 
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EXPERIMENTAL 


The stock colony of Corcyra cephalonica St. was maintained 
on whole wheat-flour diet as described earlier (Sarma, 
1943). 

Determination of nicotinuric acid excreted by Corcyra 
larvae. The experimental diet consisted of salt-extracted 
wheat flour, salts mixture and vitamins (Sarma, 1943) and 
was supplemented with nicotinic acid or nicotinamide 
(30 mg./100 g.). Larvae (10-12 days old), hatched on a 
whole wheat-flour diet, were maintained on the experi- 
mental diet until the major portion of the diet had been 
consumed. The excreta were then separated from diet 
particles. A portion (100 mg.) of the powdered excreta was 
autoclaved with 5 ml. of water at 15 lb./in.? for 1 hr. The 
mixture was then adjusted to pH 4-5, made to volume and 
filtered. The filtrate was brought to pH 7-0 and assayed 
microbiologically for nicotinic acid and its tertiary deriva- 
tives with Lactobacillus arabinosus 17-5 (Snell, 1951) and 
Leuconostoc mesenteroides 9135 (Krehl, De La Huerga, 
Elvehjem & Hart, 1946). ZL. arabinosus responds to both 
nicotinic acid and nicotinuric acid, whereas L. mesenteroides 
9135 specifically measures only free nicotinic acid (Johnson, 
1945). When the supplement to the larval diet was nico- 
tinamide, a second 100 mg. lot of the larval excreta was 
autoclaved with 0-6Nn-H,SO,. Nicotinamide, but not 
nicotinuric acid, is hydrolysed to nicotinic acid under these 
conditions (Johnson, 1945). An assay of the hydrolysed 
sample with L. mesenteroides would therefore give the 
combined nicotinic acid and nicotinamide content of the 
excreta. 

Metabolism of [**C]nicotinic acid and ['C]nicotinamide in 
Corcyra. Batches (1 g.) of the experimental diet were 
supplemented with nicotinic acid or nicotinamide at a 
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physiological (25 ug./g.) as well as an extraphysiological 
(400 yg./g.) level, each dish containing 1c of the corre- 
sponding “C-labelled compound. Corcyra larvae were 
placed on the diets and a concentrate of the excreta, pre- 
pared as described by Sundaram ef al. (1954), was chro- 
matographed by the ascending method on Whatman no. 1 
filter paper with butan-l-ol saturated with aq. 3% (w/v) 
ammonia. The air-dried chromatogram was radioauto- 
graphed on Ilford Iiflex film, the period of exposure being 
4-6 weeks. The R, values were: nicotinamide, 0-78; 
nicotinic acid, 0-23; nicotinuric acid, 0-13 and N’-methy]l- 
nicotinamide, 0-07. 

Deamidation of nicotinamide by Corcyra larval homo- 
genate in vitro. Corcyra larvae from the stock colony were 
picked out, cleaned free of adhering food particles, washed 
with ice-cold water and chilled. The chilled larvae were 
ground with sand in a porcelain mortar surrounded by a 
freezing mixture of ice and salt. A homogenate in ice-cold 
water was prepared so as to contain the equivalent of 
120 mg. of fresh larval tissue/ml. and centrifuged at 1000 g 
for 10 min. to sediment the sand and the cell debris. The 
supernatant was used as the enzyme source in the incuba- 
tion system, consisting of 0-5 ml. of 0-2 M-sodium phosphate 
buffer, pH 7-0, 0-5 ml. of nicotinamide solution (4 zmoles) 
and 1 ml. of enzyme preparation. In the blank, 0-5 ml. of 
water replaced the nicotinamide solution. After incubation 
at 37° for 2 hr. the ammonia and the free nicotinic acid 
present in the incubation mixture were determined as 
described by Sundaram et al. (1958). 

The intracellular localization of the nicotinamide de- 
amidase in Corcyra was studied by centrifuging a cell-free 
homogenate of the larvae, in 0-25 Mm-sucrose, prepared in the 
Potter-Elvehjem homogenizer (Teflon-pestle type; Arthur 
H. Thomas Co., Philadelphia, Pa., U.S.A.), at 18 000 g for 
1 hr. on an International Refrigerated Centrifuge (model 
PR 2) and by assaying the clear supernatant and the 
particulate matter. 

pH optimum of Corcyra nicotinamide deamidase. The 
experimental details were as described by Sundaram et al. 
(1958). The enzyme preparation was the supernatant 
obtained by centrifuging a 10% larval homogenate in 
2-5% (w/v) NaCl at 18 000 g for 1 hr. 

Properties of nicotinamide deamidase of Corcyra. In these 
experiments the supernatant obtained on centrifuging a 
20% cell-free homogenate of Corcyra larvae at 18 000 g for 
1 hr. was used. The incubation system consisted of 0-5 ml. 
of 0-4m-2-amino-2-hydroxymethylpropane - 1:3 -diol-HCl 
buffer, pH 7-5, 0-5 ml. of solution containing nicotinamide 
(4umoles) and supplements if any, and 1 ml. of enzyme 
extract. The enzyme activity was measured after incuba- 
tion at 37° for 2 hr. in terms of the nicotinic acid released 
(Sundaram e¢ al. 1958). 


Table 1. 
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Conjugation of nicotinic acid with glycine in vitro. The 
complete incubation system (4 ml.) contained, in addition 
to 2 ml. of a 20% homogenate of Corcyra larval tissue in 
0-9 % KCl, 0-01 m-glycine, 2-5 mm-nicotinic acid (containing 
lpe of [carboxy-C}nicotinic acid), 5 mm-pDL-malic acid, 
6 mm-adenosine triphosphate (ATP), 12 um-cytochrome c, 
0-02m-K,HPO, and KCl (0-9%). ATP and cytochrome c 
were products of the Sigma Chemical Co. Incubation was 
conducted in a Dubnoff metabolic shaker (Precision 
Scientific Co., Chicago, Ill., U.S.A.) at 37° for 3-4 hr. in air. 
At the end of the incubation, the mixture was treated with 
0-4 ml. of 40% (w/v) trichloroacetic acid and centrifuged. 
The supernatant was extracted thrice with ether to remove 
the trichloroacetic acid and evaporated to dryness in a 
vacuum desiccator. The residue was extracted with 1 ml. of 
95% (w/v) ethanol and the extract centrifuged. The clear 
supernatant was chromatographed and radioautographed 
with nicotinic acid and nicotinuric acid as standards. 


RESULTS 

The radioautographs of the excreta of Corcyra 
larvae dosed with [!4C]nicotinic acid and [#4C}]- 
nicotinamide at the physiological and the extra- 
physiological revealed that the main 
product excreted of either form of the vitamin was 
free nicotinic acid. Nicotinuric acid was also 
excreted to a smaller but significant extent, 
particularly when the insect had ingested the 
vitamin in extraphysiological amounts. In neither 
case was N’-methylnicotinamide excreted. These 
observations bear out the earlier conclusion that 
deamidation of nicotinamide is the chief chemical 
reaction operating in the vitamin metabolism in 
Corcyra and that N’-methylnicotinamide, which is 
the main metabolic product in many of the higher 
animals (Lin & Johnson, 1953; Reddi & Kodicek, 
1953), is absent in the larval faeces. Although 
mammals excrete nicotinuric acid only as a meta- 
bolite of nicotinic acid administered in massive 
amounts (Lin & Johnson, 1953), the data in Table 1 
shows that when nicotinamide is administered to 
Corcyra the glycine conjugate is excreted to about 
the same extent as when nicotinic acid is ingested. 

The results of a typical experiment, presented in 
Table 2, demonstrate the presence of an enzyme 
system in Corcyra larval tissue which can deam- 
idate nicotinamide in vitro with the formation of 
nicotinic acid and ammonia in stoicheiometric 


levels 


Excretion of nicotinuric acid by Corcyra cephalonica 


Total nicotinic acid (A) was determined with Lactobacillus arabinosus 17-5, and free nicotinic acid, before (B) and after 
(C) hydrolysis, with Leuconostoc mesenteroides 9135. Results are expressed as yg./g. of larval excreta. 


Nicotinic 
Total Free acid + nico- Nicotinuric 
Addition to diet nicotinic acid nicotinic acid tinamide acid 
(30 mg./100 g.) (A) (B) (C) (D) 100 D/A 
Nicotinic acid 364 264 — 100 27-5 
Nicotinamide 420 270 315 105 25-0 
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Table 2. Deamidation of nicotinamide by cell-free extract of Corcyra larvae 


A cell-free extract of Corcyra larvae was incubated with nicotinamide, and the ammonia and the nicotinic acid in the 
incubation mixture were estimated. At the end of incubation, an amount of nicotinamide was added to the blank equal 
to that added to the test system before incubation. For experimental details see text. Results are expressed as zmoles 


100 ml. of incubation mixture. 
Ammonia 
liberated by 


Experimental deamidation 


system Ammonia (A) 
Blank 17) 17 
Test 34 J , 
350 
= oe 
v 
ve 
= 
uv 
vo 
- 300 
= 
uv 
o 
& 275 
Y 
6 
38 250 
° 
fe 
5 
= 225 
> 
o 
< 
200 
175 
5 6 7 8 9 10 
pH 


Fig. 1. pH optimum of Corcyra nicotinamide deamidase. 
A portion (1 ml.) of a 10% larval homogenate in 2-5% 
NaCl was incubated with 0-5ml. of 0-4m-NaOQH- 
KH,PO, buffer of appropriate pH and 0-5 ml. of a 
solution containing nicotinamide (4 moles) for 2 hr. at 
37°. Nicotinic acid liberated was determined micro- 
biologically. 


proportion. The existence of nicotinamide de- 
amidase in the larval system has been shown also 
by paper-electrophoretic analysis of the incubation 
mixture, followed by the application of Koenig’s 
reaction (Sundaram, Rajagopalan & Sarma, 1959). 
The pH optimum of the Corcyra deamidase is 7-0— 
7-5 (Fig. 1) as against the optimum of pH 8-0—9-5 
of the Neurospora enzyme (Sundaram et al. 1958). 
Separation of cell-free homogenate of the larval 
tissue into the particulate and supernatant com- 
ponents by differential centrifuging and subsequent 
assay of the fractions for enzymic activity showed 
that the enzyme could be recovered in the super- 
natant to the extent of more than 90%, indicating 
that the intracellular locale of the enzyme in 


Nicotinic acid 
released by 
deamidation 


Nicotinic acid (B) A/B 
Trace } : : 
16 f 16 1-06 


Table 3. Effect of various compounds and inhibitors 
on nicotinamide deamidase of Coreyra cephalonica 


The enzyme activity in 1 ml. of supernatant from a 15% 
homogenate of larval tissue was determined in the presence 
of each of the compounds at the concentration indicated. 
For experimental details see text. 

Percentage of 


Compound or Conen. activity of 
inhibitor (mM) control 
None (control) 100 
Hg?* ions 1 0 
Cu?* ions 1 23 
Mg?* ions 1 100 
Mn?* ions 1 100 
o-lodosobenzoate 0-1 100 
p-Chloromercuribenzoate 0-1 97 
p-Chloromercuribenzoate + 0-1 99 
mM-cysteine 
8-Hydroxyquinoline 10 73 
ax’-Dipyridyl 10 15 
Ethylenediaminetetra-acetate 10 83 


Table 4. Effect of various metal ions on the in- 
hibition of Coreyra nicotinamide deamidase by 
aa’ -dipyridyl 


Experimental details are similar to those given in 


Table 3. 


Conen. of Conen. of Percentage 
ax’-dipyridyl Metal metal ion of activity 
(mM) ion (mM) of control 

None None - 100 

10 None 12 

10 Mg?+ 10 13 

10 Mn?+ 10 15 

10 Zn?* 10 4 

10 Co? 10 14 

10 Fe?* 10 68 

5 None : 26 

5 Fe**+ 5 84 

5 Fe** 10 99 


Corcyra tissue, as in N. crassa, is the soluble cyto- 
plasmic matter. In the tissues of the pigeon and 
the chick the enzyme is distributed predominantly 
in the particulate subcellular components (Raja- 
gopalan, Sundaram & Sarma, 1958). 

The effects of certain metal ions, metal-chelating 
agents and sulphydryl reagents on the nicotin- 
amide deamidase of Corcyra are summarized in 
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Table 3. The dipyridyl inhibition is not overcome 
by Mg?+, Mn?+, Co?+ or Zn?+ ions but is largely 
counteracted by Fe?+ ions (Table 4), showing a 
specific requirement for Fe?+ ions for enzymic 
activity. Repetition of these experiments gave 
results which, though quantitatively different, 
conformed to the same pattern. The results of the 
inhibition studies conform more or less to the 
pattern observed earlier for N. crassa deamidase 
(Sundaram e¢ al. 1958). 

The presence of an enzyme system which medi- 
ates the conjugation reaction in a cell-free homo- 
genate of Corcyra larvae was shown as described 
above. The autoradiograph revealed a spot corre- 
sponding to nicotinuric acid when the complete 
system was used but not when glycine or ATP was 
omitted. The requirement for ATP, the probable 
involvement of coenzyme A in the biosynthesis of 
nicotinuric acid (Sundaram & Sarma, 1956), the 
activation of nicotinic acid by glycine N-acylase 
(Schachter & Taggart, 1954) and the report of the 
formation of nicotinuric acid by rat-kidney and 
-liver mitochondria under conditions supporting 
oxidative metabolism (Jones & Elliot, 1954) point 
to the similarity in mechanism between the re- 
actions leading to the formation of hippuric acid 
and nicotinuric acid. 


DISCUSSION 


Among the vitamins of the B complex, nicotinic 
acid and nicotinamide and more recently thiamine 
are the only members whose metabolic fate has been 
investigated in detail. Studies with nicotinic acid 
and nicotinamide have mostly been confined to 
mammals. The present investigation with Corcyra 
cephalonica has shown that whereas the excretion 
of nicotinuric acid is a characteristic of both insect 
and mammals, the deamidation of nicotinamide 
figures predominantly in the insect in contrast to 
its methylation, which is the metabolic pathway 
recognized as the most important in a majority of 
the mammals. 

Nicotinamide deamidase has been shown to be 
present in lactic acid bacteria (Hughes & William- 
son, 1953), yeast (Oka, 1954), mycobacteria 
(Halpern & Grossowicz, 1957) and Neurospora 
(Sundaram et al. 1958). Quagliariello, Guerritore & 
Porcellati (1952) report its occurrence in the tissues 
of the rat and the hog; but the validity of their 
conclusions has been questioned by Hughes & 
Williamson (1953). Pigeon liver and chick kidney 
and, to a markedly lesser extent, rabbit liver con- 
tain nicotinamide deamidase (Rajagopalan et al. 
1958). Further, it appears more than fortuitous 
that the organisms which are capable of deamidat- 
ing nicotinamide, namely Corcyra, N. crassa, the 
pigeon, the chick and the rabbit, do not methylate 
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it (Sundaram et al. 1958; Cantoni, 1951; Chang & 
Johnson, 1957; Ellinger & Abdel Kader, 1949). 
The methylation and the deamidation reactions 
may thus be alternative pathways in the vitamin 
metabolism. 

Recent reports (Preiss & Handler, 1958) on the 
biosynthesis of the pyridine nucleotide coenzymes 
establish more or less unequivocally that in certain 
instances, under physiological conditions, nicotinic 
acid rather than nicotinamide is an intermediate in 
the synthesis of diphosphopyridine nucleotide 
(DPN). According to this scheme, nicotinic acid is 
first incorporated into the nicotinic acid analogue 
of DPN, termed deamido-DPN, which is then 
amidated to DPN. It has also been suggested that 
free nicotinamide present in tissues is formed as a 
degradation product of DPN and not by the 
amidation of nicotinic acid (Preiss & Handler, 
1958). In the light of these findings, the deamidation 
of nicotinamide assumes additional significance 
not merely as a means of disposal of the vitamin 
from the living system but as a possible mechanism 
for the conversion of nicotinamide into nicotinic 
acid, which may then be utilized for the formation 
of the pyridine nucleotide coenzymes. 


SUMMARY 


1. The metabolism of [!4C]nicotinic acid and 
[44C]nicotinamide in the insect larva Corcyra 
cephalonica St. has been investigated. With either 
form of the vitamin the predominant product 
excreted is free nicotinic acid. Nicotinuric acid is 
also excreted to a significant extent, particularly 
when the vitamin has been ingested in extra- 
physiological amounts. 

2. The presence in Corcyra larval tissues of an 
enzyme deamidating nicotinamide to nicotinic 
acid and ammonia in vitro has been demonstrated. 
The intracellular locale of the enzyme is the soluble 
cytoplasmic matter. 

3. The nicotinamide deamidase of Corcyra has 
an optimum pH of 7-0—-7-5 and is inhibited by 
Hg?+ and Cu?*+ ions and by metal-chelating agents, 
particularly ««’-dipyridyl. The dipyridy] inhibition 
is largely reversed by Fe?+ but not by Mn?+, Mg?*, 
Co?+ or Zn?+ ions. 

4. The conjugation of nicotinic acid with glycine 
has been effected by a cell-free homogenate of 
Corcyra larval tissues in the presence of adenosine 
triphosphate and under oxidative conditions. 

5. The results and the significance of the 
biological deamidation of nicotinamide have been 
discussed. 


We wish to acknowledge the kind courtesy of Dr E. 
Kodicek who sent us the sample of nicotinuric acid and of 
Dr B. C. Johnson who generously provided the cultures of 
Leuconostoc mesenteroides and Lactobacillus erabinosus and 
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the “C-labelled nicotinic acid and nicotinamide used in 
this investigation. We are grateful to the Indian Council of 
Medical Research for financial assistance. 
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Glutathione Reductase of Thiobacillus thio-oxidans* 


By I. SUZUKI anp C. H. WERKMAN 
Department of Bacteriology, Iowa State University, Ames, Iowa, U.S.A. 


(Received 3 June 1959) 


In the course of study of adenosine triphosphate 
formation from adenosine diphosphate by a cell- 
free extract of Thiobacillus thio-oxidans with hexo- 
kinase and glucose 6-phosphate dehydrogenase, the 
presence of reduced glutathione always resulted in 
the re-oxidation of reduced triphosphopyridine 
nucleotide formed. It was suspected that gluta- 
thione was oxidized to oxidized glutathione by the 
extract, and that a glutathione reductase present 
in the extract reduced it again, oxidizing reduced 
triphosphopyridine nucleotide (TPNH) to triphos- 
phopyridine nucleotide (TPN) at the same time. 
The presence of glutathione reductase in this 
sulphur-oxidizing, chemoautotrophic bacterium 
was thought of interest in connexion with the 
mechanism of sulphur oxidation by the organism. 
Glutathione reductase was found in yeast (Meldrum 
& Tarr, 1935; Racker, 1955), plant tissues (Mapson 
& Goddard, 1951; Conn & Vennesland, 1951), 
mammalian tissues (Rall & Lehninger, 1952; 
Racker, 1955) and in Escherichia coli (Asnis, 1955). 
Oxidized glutathione (GSSG) is reduced to gluta- 
thione (GSH) according to the following equation: 


TPNH+GSSG+H* > TPN*+2GSH. (1) 


A triphosphopyridine nucleotide-dependent glu- 


* This work was supported in part by funds of the U.S. 
Public Health Service. 


tathione reductase was found in the extract of 7. 
thio-oxidans and some characteristics of the enzyme 
were investigated. 


MATERIALS AND METHODS 


Reagents. GSSG was obtained from Nutritional Bio- 
chemicals Corp. TPNH, flavinadenine dinucleotide (FAD), 
riboflavin 5’-phosphate and p-chloromercuribenzoate were 
obtained from the California Foundation for Biochemical 
Research. 

Organism. Thiobacillus thio-oxidans, obtained from the 
American Type Culture Collection, was grown in a mineral- 
salt medium in Fernbach flasks (Suzuki & Werkman, 
1958 a). 

Enzyme preparation. The cell-free extract of 7’. thio- 


“oxidans was prepared and dialysed according to Suzuki & 


Werkman (1958 b). The extract contained 8-5 mg. of protein/ 
ml., as determined by the biuret method (Layne, 1956). 
Acid treatment of the extract was carried out by dialysing 
0-5 ml. of the extract in a collodion bag against six 150 ml. 
portions of 0-1M-sodium acetate—HCl buffer, pH 3-0. The 
bag was connected to a slow-moving motor, and the dialysis 
was carried out at 4° for 3 hr. The bag was then suspended 
in 150 ml. of 0-02 M-2-amino-2-hydroxymethylpropane-1:3- 
diol (tris) buffer, pH 7-4, and the dialysis was continued for 
another hour. 

Spectrophotometry. Glutathione reductase activity was 
measured spectrophotometrically after the oxidation of 
TPNH at 340mp. A Beckman DU spectrophotometer 
with 1 em. cells was used. 
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RESULTS 


Demonstration of glutathione reductase in the 
extract. When TPNH was incubated with the cell- 
free extract of 7’. thio-oxidans in the presence of 
GSSG, there was a rapid oxidation of TPNH 
(Fig. 1). The cell-free extract was essential for the 
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Fig. 1. Demonstration of glutathione reductase activity. 
The complete system contained GSSG (4 mg.), TPNH 
(0-2 umole), the cell-free extract (0-1 ml.), tris, pH 7-4 
(100 pmoles), and water to make a total volume of 3 ml. 
The oxidation of TPNH was followed spectrophoto- 
metrically at 340 mp. O, Complete system; A, cell- 
free extract omitted; A, GSSG omitted. 


= NY WwW ft WN BA SI 


100 AE in first 2 min. 


0 5 6 7 8 ? 
pH 
Fig. 2. Effect of pH on the activity. Each system con- 
tained GSSG (4 mg.), TPNH (0-3mole), the cell-free 
extract (0-1 ml.), a buffer (100 moles) and water to 
make a total volume of 3 ml. O, Potassium acid phthal- 
ate buffer; @, tris buffer. 


oxidation and the activity was easily destroyed by 
boiling for 2 min. at pH 7-4. TPNH was oxidized 
slowly by the extract in the absence of GSSG, but 
the rate was very low and the oxidation was 
negligible in comparison with the rapid oxidation 
in the presence of glutathione. .L-Cystine in the 
same molar concentration did not replace GSSG. 
Reduced diphosphopyridine nucleotide (DPNH) 
was not oxidized by the extract in the presence of 
GSSG, even after the addition of phosphate. Thus 
the glutathione reductase of 7’. thio-oxidans is a 
TPN-linked enzyme and the presence of a DPN- 
linked glutathione reductase found in_baker’s 
yeast by Racker (1955) is excluded. 

Effect of pH. The activity of the glutathione 
reductase was determined at various H* ion con- 


; 


centrations and the results are shown in Fig. 2. ; 


The pH optimum was around 7-0 and was similar to 
the value reported for the glutathione reductase of 
E. coli (Asnis, 1955). 


the extract of 7. thio-oxidans was completey in- 
hibited by 0-1 mm-p-chloromercuribenzoate and the 
inhibition was partially reversed by L-cysteine 
(Fig. 3). The result indicates dependence of the 
enzymic activity on sulphydryl groups. 
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Fig. 3. Inhibition of glutathione reductase by p-chloro- 
mercuribenzoate. The complete system contained GSSG 
(4 mg.), TPNH (0-3 pmole), the cell-free extract (0-1 ml.), 
tris, pH 7-4 (100 moles), and water to make a total 
volume of 3ml. x, Complete system; A, 0-3 umole of 
p-chloromercuribenzoate was added at zero time and 
3pymoles of cysteine were added after 10 min. O, 
0-3umole of p-chloromercuribenzoate was added at 
zero time and 30yumoles of cysteine were added after 
10 min. 


Sulphydryl nature of the enzyme. The activity of 
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Flavoprotein nature of the enzyme. FAD was 
shown to be the prosthetic group of the enzyme of 
E. coli (Asnis, 1955). Precipitation of the enzyme 
with ammonium sulphate at pH 0-6, the method 
Asnis used to dissociate the prosthetic group from 
the protein part, destroyed the activity of the 
extract of 7’. thio-oxidans completely, and the 
addition of FAD did not reactivate it. A moderate 
acid treatment, described in the previous section, 
was found satisfactory to show the nature of the 
prosthetic group of the enzyme. The activity of the 
acid-treated extract was stimulated by the addition 
of FAD, as shown in Fig. 4. Riboflavin 5’-phosphate 
did not stimulate the activity. The result suggests 
that the glutathione reductase of 7’. thio-oxidans is 
a flavoprotein with FAD as the prosthetic group. 
The activity of the extract dialysed at pH 7-4 
instead of 3-0 was not stimulated by FAD. 

Stimulation by phosphate. The glutathione re- 
ductase activity of an undialysed extract was not 
influenced by the addition of phosphate, but that of 
dialysed extracts was stimulated by the presence of 
phosphate ions both when dialysed at pH 3-0 and 


100 AE 





0 5 10 15 20 
Time (min.) 


Fig. 4. Stimulation of the acid-treated extract by FAD 
and phosphate. Each system contained GSSG (4 mg.), 
TPNH (0-3umole), the acid-treated extract (0-05 ml.), 
tris, pH 7-4 (100 moles), and water to make a total 
volume of 3 ml. Additions were made as follows: x, 
none; [], 0-05umole of riboflavin 5’-phosphate; A, 
0-05 umole of FAD; O, 0-05 umole of FAD and 10 umoles 
of phosphate (pH 7-4); A, 0-05 umole of FAD and 50 p- 
moles of phosphate (pH 7-4); @, 0-05 zmole of FAD and 
50 zmoles of arsenate (pH 7-4). 
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at pH 7-4. The result with the extract dialysed at 
pH 3-0 is shown in Fig. 4. It is apparent from this 
figure that a rather high concentration of phos- 
phate is required to stimulate the activity. 
Arsenate at the same concentration stimulated the 
activity to a lesser extent. 


DISCUSSION 


The glutathione reductase of T. thio-oxidans 
resembles in its pH dependence, substrate speci- 
ficity, sulphydryl nature and prosthetic group that 
of FE. coli (Asnis, 1955), although the inhibition of 
the latter enzyme by 0-1 mm-p-chloromercuriben- 
zoate could be completely reversed by mm-cysteine, 
whereas the former enzyme was only partially 
reactivated even by 10 mm-cysteine. Stimulation 
by phosphate was observed with a DPN-linked 
glutathione reductase of baker’s yeast, but the 
activity linked with TPN was not stimulated by 
the addition of phosphate (Racker, 1955). Thus the 
stimulation of the TPN-linked glutathione re- 
ductase of 7’. thio-oxidans by the addition of phos- 
phate indicates a difference between the enzymes of 
these two organisms. 

Starkey (1937) observed a small amount of 
hydrogen sulphide produced from elemental 
sulphur by 7’. thio-oxidans and suggested that it was 
formed from sulphur by sulphydryl groups present 
in the cells through a mechanism similar to that 
proposed by Sluiter (1930). Sluiter showed a 
reduction of elemental sulphur by GSH according 
to the following equation: 


S8+2 GSH > H,S+GSSG. (2) 


This non-enzymic reaction, coupled with gluta- 
thione reductase (equation 1) and a TPN-reducing 
system, will reduce elemental sulphur continuously 
to hydrogen sulphide. The ability of the cell-free 
extract of JT. thio-oxidans to oxidize sulphide 
rapidly and its inability to attack elemental sulphur 
unless GSH is present (Suzuki & Werkman, 1959) 
supports this hypothesis that elemental sulphur is 
reduced to sulphide oxidation by this 
organism. Glutathione reductase will play a major 
role in this hypothesis, supplying GSH from GSSG, 
although the nature of the system which could 
reduce TPN continuously is totally unknown and 
will remain unknown until the mechanism of 
energy transfer in this chemoautotrophic sulphur 
oxidation is elucidated. 


before 


SUMMARY 


1. The presence of triphosphopyridine nucleo- 
tide-linked glutathione reductase was demon- 
strated in a cell-free extract of Thiobacillus thio- 
oxidans. 
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2. The pH optimum was found to be near 7-0. 
The activity was completely inhibited by 0-1 mm- 
p-chloromercuribenzoate and the inhibition was 
partially reversed by L-cysteine. The activity of an 
acid-treated extract was stimulated by flavin- 
adenine dinucleotide, but not by riboflavin 5’- 
phosphate. Phosphate and, to a lesser extent, 
arsenate stimulated the enzymic action. 

3. A possible role of the enzyme in the oxidation 
of elemental sulphur by the organism is discussed. 
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A Comparative Study of the Seed Polyphenols of the Genus Theobroma 


By L. 


A. GRIFFITHS 


Regional Research Centre, Imperial College of Tropical Agriculture, ‘Trinidad 


(Received 8 June 1959) 


The importance of the polyphenolic constituents of 


the cacao bean in determining the flavour character 
of processed cacao has long been recognized. 
Earlier studies have, however, been largely limited 
to the clone, Imperial College Selection 1 (Forsyth, 
1952, 1955; Griffiths, 1958) and West African 
Amelonado cacao (Rohan, 1958). During the past 
30 years a collection of varieties of 7’. cacao and 
related species has been established at the Imperial 
College of Tropical Agriculture and more recently 
plants of the related genus Herrania have also been 
established for studies on their suitability for 
hybridization. The study of the distribution of the 
polyphenols within this group of plants appeared 
desirable for several reasons. 

First, it is important to establish whether the 
flavour of a clone or variety of cacao is related to 
the type and quantity of the polyphenols present. 
Since it has been suggested (Forsyth, 1951) that 
not only the astringency but also the chocolate- 
flavour principle derives from the phenolic con- 
stituents of the cacao bean, it was of interest to 
determine whether the characteristic polyphenols 
of cacao are restricted to the seeds of the species 
used in cocoa manufacture or whether they are also 
found in the seeds of related species which do not 
yield chocolate-flavoured products. 

Secondly, the suitability of material for inter- 
specific crossing will largely depend upon the 
cotyledon containing similar phenolics to those of 
T'. cacao and lacking phenolic constituents which 
would give rise to a decrease in palatability°or to 
undesirable pharmacological properties. 


Thirdly, it was of interest to observe the distribu- 
tion pattern of polyphenols in relation to the 
taxonomy of the group. Although the phenoiic 
constituents of leaves (Bate-Smith, 1957; Roberts, 
Wight & Wood, 1958) and woody tissues (Erdtman, 
1958) have been extensively studied from the 
taxonomic viewpoint, the literature relating to the 
comparative study of the phenolics of seeds is 
sparse. 

Mature seeds of the genus Theobroma are re- 
latively large (1-3cm. in length) and soft in 
texture. The cotyledons, which are white or purple, 
are closely invested by a fibrous testa to which 
mucilaginous material, the ‘pulp’ of the cacao 
bean, adheres. The ripe seeds of Theobroma spp. 
are particularly suitable for comparative studies 
since the relative proportions of the seed phenolics 
remains constant at maturity. Comparative 
studies on leaf material are complicated by the 
complex changes undergone by the 
during development and _ senescence 
1958). 


phenolics 
(Griffiths, 


EXPERIMENTAL 


Source of plant material. All seeds employed in these 
studies were obtained from ripe pods harvested from trees 
growing at the Imperial College of Tropical Agriculture, 
Trinidad, B.W.I. 

Extraction and separation. The polyphenols were ex- 
tracted by homogenizing 5 g. of peeled cotyledons in 25 ml. 
of cold, absolute methanol or methanolic 1% HCl (where 
indicated), in a M.S.E. micro-blender for 5 min. A volume 
(0-05 ml.) of the filtered extract was then applied to the 
chromatogram (Whatman Chromatography Paper no. 1). 





Vol. 


Se] 
grapl 
butat 
solve 

Sp 
1953) 
and 
routi 
the ] 
resul 

Th 
Gard 
reage 

Th 
use ¢ 
spots 


i, 
L4; 
arab’ 
poly, 
(non 
brow 
in th 


Spot 
T’. c 
SC 
IC 
T. bi 
7 a mm 
f 8 


T 
1 
7 
T.a 
1 
7 





(960 


450. 
ork: 


. 49, 


108. 


le J 


hem. 


Sci., 


na 


ibu- 
the 
olie 
rts, 
an, 
the 
the 


5 61S 


re- 
in 
ple, 
Lich 
a0 
pp. 
lies 
lies 
jive 
the 
lies 
ths, 


hese 
rees 
ure, 


ex- 
ml. 
rere 
ime 
the 
1). 


Vol. 74 SEED POLYPHENOLS 

Separation was effected by two-dimensional chromato- 
graphy; water was employed as the primary solvent and 
butan-l-ol-acetic acid—water (40:10:50) as the secondary 
solvent. 

Spray reagents. The p-nitroaniline spray reagent (Swain, 
1953), which gives rise to yellow—brown spots with catechins 
and leucoanthocyanins (Griffiths, 1958), was used as a 
routine. It was possible to gauge the amount of each of 
the polyphenols present by the size and intensity of the 
resulting spot. 

The FeCl,-K,Fe(CN), reagent of Barton, Evans & 
Gardner (1952) was also used as a confirmatory spray 
reagent. 

The presence of leucoanthocyanins was confirmed by the 
use of the reagent of Roux (1957), which gave rise to pink 
spots with leucoanthocyanins. 


Table 1. 
1, ( 


L4; 6, (+)-catechin; 7, (—)-epigallocatechin; 8, ( 


OF THEOBROMA SPP. 
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The ferricyanide reagent of James was employed for the 
detection of catecholamines, the presence of a catechol- 
amine being indicated by the development of a red spot on 
the chromatogram due to indole ring closure (James, 1948). 


RESULTS 
The general distribution of polyphenols in the 
genus Theobroma is shown in Table 1. It will be 
seen that (—)-epicatechin and the leucoantho- 
cyanins are of widespread occurrence within the 
group, (—)-epicatechin being present in all the 
species of Theobroma and Herrania that were 
examined. The leucoanthocyanins L1 and L2 
were present in all species of Theobroma except 


Seed phenolics of the genera Theobroma and Herrania 


)-epiCatechin ; 2, leucoanthocyanin, L1; 3, leucoanthocyanin, L2; 4, leucoanthocyanin, L3; 5, leacoanthocyanin, 
+ )-gallocatechin; 9, 3-8-p-galactosidyleyanidin chloride; 10, 3-a-L- 


arabinosidylcyanidin chloride; 11, fluorescent polyphenol giving purple spot with p-nitroaniline (major); 12, fluorescent 
polyphenol giving purple spot with p-nitroaniline (minor); 13, p-nitroaniline: red spot; 14, p-nitroaniline: yellow—brown 
(non-fluorescent); 15, p-nitroaniline: yellow; 16, green fluorescence in NH, (p-nitroaniline: colourless) ; 17, p-nitroaniline : 
brown; 18, p-nitroaniline: yellow-green; 19-21, flavonols; brown fluorescence in u.v. radiation and yellow in visible light 


in the presence of NH, ; 19, p-nitroaniline: grey-brown; 20, p-nitroaniline: yellow; 21, p-nitroaniline: brown. 
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T. bicolor and in all species of Herrania examined. In 
certain Theobroma species, e.g. T’. cacao, T'. grandi- 
flora and T. mammosa, additional leucoantho- 
cyanins were detected. In addition to those leuco- 
anthocyanins earlier described by Forsyth (1955) 


in T. cacao, a further leucoanthocyanin, L4, has 


been detected. This was made possible by the use of 


methanolic 1% HCl as the extractant and by im- 
provement in the equilibration of the solvent 
system. Under the original conditions (Forsyth, 
1955) a diffuse zone of p-nitroaniline-positive 
material was found near to the point of origin in the 
upper left-hand corner of the chromatogram 
(Fig. 1) but, with the modifications described, an 
improvement in the definition of the leucoantho- 
cyanin L4 makes its detection possible. 

Of the species examined, only 7’. bicolor showed 
a complete absence of leucoanthocyanins and in 
this species only two polyphenols were detected. 
The ability to synthesize leucoanthocyanins is, 
however, shown by leaf material of 7’. bicolor, since 
chromatographic examination of the leaf poly- 
phenols by the technique of Griffiths (1958) re- 
vealed their presence. 

Anthocyanins were absent from all Theobroma 
spp. other than 7’. cacao. An association between 
the presence of these compounds and the chocolate- 
flavour principle is contraindicated by the occur- 
rence of a variety of JT. cacao (Criollo), which, 
although unpigmented, is widely used in chocolate 
manufacture. 
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Fig. 1. Composite diagram showing the position of seed 
phenolics of Theobroma and Herrania. Numbering is as 
given in Table 1. Spots shown diagrammatically with a 


complete outline were detected by the use of the di- 
azotized p-nitroaniline reagent; spots shown »with a 
dotted outline were detected by u.v. fluorescence or by 
diazotized p-nitroaniline reagent. 
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A major phenolic of the Theobroma and Herrania 
genera (spot 11) possesses a strong blue fluorescence 
in u.v. radiation and gives rise to a strong purple 
with diazotized p-nitroaniline. This compound is 
absent only from 7’. cacao and 7’. bicolor. However, 
although the compound is not present in the 
cotyledons of 7’. cacao it has been detected in the 
pod wall of this species (Griffiths, 1958). The com- 
pound has not yet been identified, although it has 
been shown to give a pink spot with the ferri- 
cyanide reagent of James (1948), which has been 
held by Waalkes, Sjoerdsma, Creveling, Weissbach 
& Udenfriend (1958) to be characteristic of a cate- 
cholamine. The R, does not, however, correspond 
to that of any of the commoner catecholamines. In 
view of the known pharmacological activity of 
certain of the catecholamines it appears desirable 
that the nature and non-toxicity of this compound 
should be established before material containing it 
is used for hybridization. 

Flavonols were found to be wholly absent from 
the cotyledons of all Theobroma species examined, 
although their presence in leaf material of 7’. cacao 
has been reported (Griffiths, 1958). In the Herrania 
spp. examined several flavonols were detected. 

To determine whether any variation in poly- 
phenolic distribution occurred within a species, a 
large number of clonal varieties of 7’. cacao, in- 
cluding SCA6, SCA12, ICS1, ICS95, ICS60 and 
ICS 45, were examined. No marked variation in 
phenolics other than anthocyanins was noted; the 
chromatograms showed the same polyphenols in the 
same relative amounts. The anthocyanin pigments, 
a-L-arabinosidyl cyanidin and _ £-p-galactosidyl 
ecyanidin, did, however, vary appreciably in 
amount: strong purple colorations were present on 
chromatograms of the SCA varieties and of the 
clone ICS 95, but smaller amounts were present in 
the clones ICS 1 and ICS 60, indicated by relatively 
weak spots on the corresponding chromatograms, 
and in the Criollo clone, ICS 45, the anthocyanins 
were absent. 


DISCUSSION 


The association of a group of leucoanthocyanins 
with a large (—)-epicatechin spot is the most con- 
stant feature of chromatograms of Theobroma spp. 
T.. bicolor is an exception to this rule. The Herrania 
spp. are characterized by a large (+ )-catechin spot, 
which equals that of (—)-epicatechin in intensity; 
the cacao leucoanthocyanins L 1 and L2 are present 
and spot 11, which is given by all Theobroma spp. 
except 7’. cacao and 7’. bicolor, is always present. 
It is reasonable to suppose therefore that the genus 
Herrania is closely related to Theobroma. In view 
of the sparse information at present available on 
the distribution pattern of polyphenols in other 
genera and species of the Sterculiaceae, a detailed 
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taxonomic analysis of affinities, based on poly- 
phenol distribution is not at present possible. 

The results given in Table 1 indicate that the 
seeds of Theobroma spp. may be distinguished from 
each other by chromatographic analysis of their 
phenolic constituents. In most cases the differences 
between species are marked and qualitative in 
nature but in a few instances (e.g. 7’. grandiflora 
and 7’. mammosa) the differences are slight and of 
a quantitative character but are sufficiently re- 
producible to permit identification. 

The situation for Herrania spp., however, is 
very different. Little variation in the phenolic 
constituents of the seed was found although in a 
few cases qualitative and quantitative differences 
could be detected among the minor constituents. 

The polyphenols detected in the cotyledons of 
Theobroma are not peculiar to the seeds as the 
major seed phenolics of Theobroma have been 
detected in the vegetative parts of TJ’. cacao 
(Griffiths, 1958). The role of these substances in the 
normal biochemical and physiological processes of 
the plant remains obscure. That the anthocyanins 
of the seed of 7. cacao are not essential to either 
germination or growth of the seedling is indicated 
by the normal development of seedlings of the 
Criollo type, in the cotyledons of which antho- 
cyanins are completely absent. 

Since the leucoanthocyanins have been held to 
be of particular significance in relation to the basic 
flavour properties of cacao beans (Forsyth, 1951), 
their widespread occurrence in seeds which are not 
used in cocoa manufacture is of interest. The cacao 
beans of commerce are seeds of 7’. cacao, of which 
several distinct varieties are recognized, e.g. 
Amelonado, Forastero and Criollo, ete. As a result 
of the researches of Pound (1935) and others a 
large collection of clonal types covering a wide 
range of hybrid varieties of 7’. cacao was established 
in -Trinidad. Earlier research at the Imperial 
College of Tropical Agriculture (Cope & Jolly, 
1955) resulted in the recognition of considerable 
variation in the flavour of cacao of different clones. 
The chemical basis of the differences in flavour has, 
however, received little attention. 

Chromatographic examination of various clonal 
varieties has not led to the recognition of any 
variation in the phenolic constituents of the 
different clones. Although the morphology and 
pigmentation of the pod varies appreciably from 
clone to clone, the phenolic constituents of the 
cotyledons were indistinguishable. The only clear- 
cut difference noted was the reduction or absence 
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of anthocyanin pigmentation in beans of the Criollo 
type (e.g. ICS45). It appears probable therefore 
that flavour differences among the non-Criollo 
types of cacao are not to be attributed to variation 
in polyphenol content of the fresh beans. 


SUMMARY 


1. The distribution of methanol-soluble poly- 
phenols in the genera Theobroma and Herrania is 
described. 

2. (—)-epiCatechin, certain leucoanthocyanins 
and an_ unidentified showing blue 
fluorescence in u.v. radiation were found to be 
present in most of the species examined. 

3. The major bean polyphenols of 7’. cacao were 
found to be present in a wide range of related 
species which are not used for cocoa manufacture. 

4. The polyphenols of the Theobroma species are 
sufficiently characteristic to permit the identifica- 
tion of seeds of unknown species by paper chro- 
matography of their phenolic constituents. 

5. The seeds of Herrania spp. may be distin- 
guished chromatographically from those of Theo- 
broma spp. by the large (+ )-catechin spots of the 
former genus and by the presence of flavonols. 

6. The presence of a hitherto unreported cacao 
leucoanthocyanin L 4 is noted. 

The author wishes to thank Dr B. Bartley for helpful 
advice and for assistance in obtaining plant material for 
these studies. 
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The synthesis in the udder of the n-saturated acids 
by the successive addition of acetate units has been 
confirmed by the work of numerous investigators. 
This subject has been reviewed by Popjaék (1952), 
Folley (1952), Glascock (1954), and more recently 
by Shorland & Hansen (1957). 

The discovery of the saturated straight-chain 
acids containing an odd number of carbon atoms 
(‘n-odd-numbered acids’) in the body and milk fats 
of ruminants (Hansen, Shorland & Cooke, 1957; 
Shorland, Gerson & Hansen, 1955a, b) raises the 
question of their origin. has been 
thrown on the mechanism of synthesis of these 


Some light 


acids by the work of James, Peeters & Lauryssens 
(1956), who found that labelled propionate per- 
fused through a cow’s udder gave rise to the higher 
‘n-odd-numbered acids’ by chain elongation with 
acetate. The small amounts of propionate found in 
the blood by Annison (1954) could therefore be 
utilized for the formation in vivo of higher ‘n-odd- 
numbered acids’ present in the milk fats. It could 
be assumed that valerate is formed by the addition 
of acetate to propionate as an intermediary in the 
synthesis of the higher ‘n-odd-numbered acids’. 
This is difficult to reconcile with the results of 
Popjék, French, Hunter & Martin (1951), who 
detected no [#4C]valeric acid in goat-milk fat after 
the injection of labelled acetate into the jugular 
vein, suggesting that the valeric acid present is not 
formed endogenously but is derived from the 
rumen. On the other hand, such an origin seems 
improbable in view of the failure of Annison (1954) 
to detect valeric acid in sheep’s blood. 

To explore further the role of valeric acid in 
fatty acid synthesis we have determined the “C 
activity of the constituent fatty acids in butterfat 
from a cow which had been given an intrajugular 
injection of sodium [carboxy-C]valerate (M. 
Kleiber, personal communication, 1956). 


EXPERIMENTAL 


The dairy cow used in this experiment weighed 449 kg., 
and produced approximately 10 kg. of milk daily. After 


milking, sodium [carboxry-“C}valerate (5-0 mc) was injected 
into the jugular vein. The milk yields and activities of the 
milk fats are shown in Table 1. 

Isolation of fatty acids. The butterfat (96 g.) was saponi- 
fied by the method of Henry & Kon (1942) and the soaps 
converted into acids with 40% (v/v) H,SO, (10% excess), 
and steam-distilled. The steam-volatile fatty acids were 
neutralized with KOH, evaporated to dryness and analysed 
by gas-liquid chromatography (James & Martin, 1952). 
The non-volatile fatty acids were extracted with diethyl 
ether, washed with water until neutral to Congo red and 
dried in vacuo on a water bath. The acids were then separ- 
ated into ‘solids’ and ‘liquids’ by crystallization three 
times from 15 vol. of acetone at - 38°. The ‘solids’ and 
‘liquids’ respectively were converted into methyl esters 
and fractionated in a spiral column (column E; Shorland, 
1952), and further resolved into their components by gas- 
liquid chromatography, the purified constituents being 
collected as described by James et al. (1956). The fatty acid 
composition was calculated as outlined by Hilditch (1956) 
after allowance for the (+ )-anteiso acids. The proportions 
of the ( +)-anteiso acids were determined from the optical 
rotation of the methyl ester fractions (Table 2), by using as 
the standard the values given by Milburn & Truter (1954) 
for the pure substances. 

Isolation of glycerol. Glycerol was estimated by the pro- 
cedure described by Abraham & Hassid (1957). The fat 
(approx. 4-0 g.) was saponified (Henry & Kon, 1942) and 
the soaps were acidified with 7 ml. of 25% (v/v) sulphuric 
acid. The volatile acids were removed by steam distillation 
for 2 hr. The residue was extracted with diethyl ether and 
the aqueous layer neutralized with aq. 0-5N-KOH. The 
aqueous solution was then evaporated on a water bath and 
the solid residue dissolved in 20 ml. of boiling methanol. On 
cooling, the precipitate was filtered off and the filtrate 
evaporated to remove the solvent. The residue was taken 
up in 2-5 ml. of methanol and again filtered to remove 4 
slight precipitate. Repetition of this last stage resulted in 
the removal of the remaining salt, and the filtrate was then 
freed from the solvent on a water bath, the last traces 
being removed in vacuo. 

Determination of specific activities. The samples were 
adsorbed on carbon-free asbestos and packed into a 
platinum combustion boat. The combustion was carried out 
in a semi-micro furnace, with a stream of CO,-free oxygen. 
The CO, formed was passed over heated CuO, dried over 
Anhydrone (British Drug Houses Ltd.) and P,O,, and 
collected in traps cooled with liquid oxygen, the surplus 
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oxygen being passed out of the system through a soda-lime 
tube and an H,SO, bubbler. 

The counting technique used was based on that of 
Eidinoff (1950). The gas counters were of a conventional 
type, constructed of Pyrex glass with thin sheet copper 
sprung against the glass envelope and an anode made of 
tungsten wire 0-004 in. in diameter. 

Table 2 shows the reproducibility of the method when 
tested with radioactive methyl palmitate from the butter- 
fat and with inactive acetic acid. 

The specific activities (uc/g. atom of carbon) of the 
samples were calculated assuming no end- or wall-effects. 
However, all determinations are comparable, since they 
have always been referred to the same counter. The milk- 


Table 1. Milk yield and milk-fat radioactivity 
after the injection of [carboxy-™“C valerate 


Activity of 


Time after Milk milk fat 
Milk injection yield (uo/g. atom 
sample (hr.) (kg.) of C) 
] 33 1-36 2-95 
2* 10-0 2-45 6-00 
3 22-2 4-99 1-62 


* Saponification equiv., 240-7; iodine val. (Wijs), 35-6. 
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fat sample, which was burned and counted repeatedly in 
different counters, over a period of approximately one 
year, gave specific activities constant to within + 1%. 


RESULTS AND DISCUSSION 


The fatty acid composition of the milk fat (Table 3) 
falls within the range normally found (e.g. Hilditch, 
1956) but, in addition, some of the minor consti- 
tuents not usually quantitatively determined have 
been included. Popjak, French, Hunter & Martin 
(1951) showed that propionic acid and valeric acid 
were present in the milk fat of goats, but in the 
bovine milk fat used in the present investigation 
these acids were not detected, as in a New Zealand 
milk-fat sample examined earlier (Hawke, 1957). 
The specific activities of n-pentadecanoic and 
n-heptadecanoic acids were similar to those of 
palmitic acid and stearic acid (Table 3). It there- 
fore appears that most of the [carboxy-“C]lvalerate 
is not utilized directly in the biosynthesis of the 
‘n-odd-numbered acids’ by addition of C,, but is 
degraded to labelled acetate and unlabelled pro- 
pionate. The labelled acetate would then be used 


Table 2. Recovery of carbon dioxide and radioactivity after the combustion and gas counting 
of labelled methyl palmitate and inactive acetate 


Vol. of CO, at 23° (ml.) 


Wt. —— - — Activity 
Substance (mg.) Found Cale. (uc/g. of C) 
Methyl palmitate (labelled) 12-8 17-3 18-4 0-410 
Methyl palmitate (labelled) 5-1 6-5 7:3 0-411 | Mean+s.p., 
Methyl palmitate (labelled) 59-2 74-9 85-2 0-409 | 0-406 +0-007 
Methyl! palmitate (labelled) 7-0 8-6 10-1 0-395 
Acetic acid (inactive) 245 pequiv. 12-2 12-4 — 


Table 3. Fatty acids of butterfat and their labelli 


ng 10 hr. after injection of [carboxy-“C]valerate 





Composition po/100 g. of po/g. atom 

Fatty acid (%, by wt.) total fatty acids of C 
C, saturated 0-12 4-32 
C, saturated 3-11 15-96 
C, saturated 2-08 13-80 
C, saturated 1-03 7-20 
Cy saturated 3-13 0-60 
Cy» unsaturated 0-08 — 
Cy, saturated 6-03 4-34 12-00 
Cy, unsaturated 0-39 0-23 9-84 
C,, saturated 7-69 4-54 9-60 
C,, unsaturated 1-04 0-38 5-88 
C,,;* saturated 0-80 0-21 4-20 
C,, anteiso saturated 0-36 0-03 1-32 
C,, saturated 26-91 8-88 5-28 
C,, unsaturated 4-94 0-52 1-68 
C,,* saturated 0-80 0-23 4-56 
Cy, anteiso saturated 0-41 0-04 1-68 
Ci, saturated 8-38 2-29 4-32 
Cy, unsaturated 32-70 2-00 0-96 
Total 100-00 27-96 -- 
Glycerol — 15-0 


* The amounts of n-C,, and n-C,, saturated acids have not been determined in the present work. The figure recorded for 
the n-C,, saturated acid is based on an earlier analysis of New Zealand butterfat by Shorland, Gerson & Hansen (19555). 
From results previously obtained on butterfat (Shorland & Hansen, 1957) it is estimated that the proportion of n-C,, acids 


is of the same order as that of n-C,, acids. 
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equally for the synthesis of ‘odd’- and ‘even’- 
numbered fatty acids. In the light of the investiga- 
tions of James et al. (1956) the unlabelled pro- 
pionate liberated would participate in the forma- 
tion of ‘n-odd-numbered acids’. The degradation of 
valeric acid suggests an explanation for its absence 
from the blood (Annison, 1954), despite its 
occurrence as a normal component in the rumen. 

Table 3 shows the distribution of 4C among the 
fatty acids. On the basis of their specific activities 
the fatty acids may be divided into two groups. 
The acids of C,—-C,) form one group with maximum 
specific activity at C,, which is followed by a steep 
decline to C,). The second group comprises the 
acids of C,, and above with a maximum specific 
activity at C,., followed by a decline with in- 
creasing molecular weight. This pattern of distribu- 
tion of specific activities differs from that found by 
Popjaék, French, Hunter & Martin (1951) in the 
goat-milk fat, where the specific activities rose to 
a maximum at C,, during the 12 hr. period after 
injection of labelled acetate. In the 12-48 hr. 
period after injection the specific activities in- 
creased from C, to C,,. This led Popjék, French, 
Hunter & Martin (1951) to the conclusion that all 
the acids up to C,, were synthesized chiefly in the 
udder. Shaw, Powell & Knodt (1942) had already 
shown that blood fat, which consists mainly of non- 
volatile fatty acids (Lough & Garton, 1957), con- 
tributes to cow-milk fat. In the present experi- 
ment the distribution of specific activities (Table 3) 
is consistent with the origin of the milk fat from 
both sources. The specific activities appear to 
indicate, however, that the fatty acids C,-C,, 
rather than C,-C,,, are predominantly synthesized 
in the udder, while C,, and above are synthesized at 
other sites, such as the liver, from separate pools 
containing [!4C]acetate. The decline in specific 
activities (Table 3) following the maxima at C, and 
C,. could be explained by the replacement of 
labelled by unlabelled acetate during the course 
of synthesis (Popjék, French & Folley, 1951; 
McClymont, 1949). The dilution of [**C]acetate 
with inactive acetate is supported by the low 
specific activity of the acetate isolated by us. 

The C,; and C,, (+ )-anteiso acids, as well as the 
Co, Cy4, Cyg and C,, unsaturated acids, show a lower 
specific activity than do the saturated straight- 
chain acids of similar chain length. The formation 
of these acids from acetate therefore appears to 
take place at a lower rate than does that of the 
saturated straight-chain acids. 

The specific activity of glycerol (15-0 wc/g. atom 
of carbon) was identical with that reported by 
M. Kleiber (personal communication, 1956). This 
indicates that, like propionate (Kleiber, Black, 
Brown & Tolbert, 1953), a large part of the intact 
valerate is utilized for carbohydrate synthesis. 


T. GERSON AND OTHERS 
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SUMMARY 


1. The distribution of *C among fatty acids in 
the milk fat of a lactating cow, which had been 
injected with [carboxy-“C]valerate, showed that the 
saturated straight-chain acids of similar molecular 
weight, containing odd and even numbers of 
carbon atoms, had closely similar specific activities, 
Valeric acid is not, therefore, a direct precursor in 
the formation of saturated straight-chain acids of 
milk fat containing an odd number of carbon 
atoms. The present results are consistent with the 
degradation in vivo to acetate and propionate. 

2. The present results suggest that the volatile 
fatty acids up to and including C,,) are synthesized 
predominantly in the udder, and that those from 
C,, to C,, are predominantly synthesized elsewhere. 

3. The high specific activity of glycerol carbon 
valerate to be glycogenic rather than 
lipogenic. 

The authors are greatly indebted to Dr M. Kleiber of 
the University of California, Department of Animal 
Husbandry, Davis, U.S.A., for making available the sample 
of butterfat used in this investigation. 
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METABOLITES OF PENICILLIUM VIRIDICATUM WESTLING: 


VIRIDICATIC ACID (ETHYLCARLOSIC ACID)* 


By J.-H: 


BIRKINSHAW anp M. S. SAMANT 


Department of Biochemistry, London School of Hygiene and Tropical Medicine, 
University of London, Keppel Street, London, W.C. 1 


(Received 7 August 1959) 


The mould Penicillium viridicatum Westling 
produces several crystalline metabolites. The 
mycelium has afforded viridicatin, C,;H,,O,N, 
which was first isolated and described by Cunning- 
ham & Freeman (1953). This product was later 
obtained from P. cyclopium Westling by Bracken, 
Pocker & Raistrick (1954), who determined the 
molecular structure as 2:3-dihydroxy-4-phenyl- 
quinoline or its ketotautomer. A product closely re- 
lated to viridicatin, namely cyclopenin, C,,H,,0,N,, 
was also obtained from the mycelium of P. cyclo- 
pium, although not from the strains producing 
viridicatin. On mild acid hydrolysis, cyclopenin 
yields viridicatin, methylamine and carbon dioxide ; 
on the basis of this reaction Bracken et al. (1954) 
suggested for cyclopenin two alternative structures. 
The culture fluid of P. 
afforded metabolic products, namely mycophenolic 
acid (Burton, 1949), originally obtained from P. 
brevicompactum Dierckx, and cyclopolic acid and 
cyclopaldic acid (Sankhala, 1957), originally 
described as metabolic products of P. cyclopium 
(Birkinshaw, Raistrick, Ross & Stickings, 1952). 
This paper mainly concerns further metabolites 
of P. viridicatum derived from the culture fluid. 
Two products have been isolated; one of these, 
terrestric acid, is known and was previously ob- 
tained from the culture solution of P. terrestre 
Jensen by Birkinshaw & Raistrick (1936), who 
established the structure as that of an ethylearolic 
acid. It is thus a tetronic acid derivative. The 
second product now obtained from the culture fluid 
of P. viridicatum is a hitherto undescribed acidic 
metabolite for which we propose the name viri- 


viridicatum has also 


dicatic acid. This is shown to have the structure of 


an ethylearlosic acid and is therefore also a tetronic 
acid derivative. From the mycelium the known 
and frequently encountered fungal products 
mannitol, 7-erythritol and ergosteryl palmitate 
were isolated in addition to viridicatin. 

These observations invite examination of the 
morphological relationships between these species 
of Penicillium showing biochemical similarities. 


* Part 106: Stickings (1959). 


P. viridicatum and P. cyclopium both belong to the 
group Asymmetrica—Fasciculata and Smith (1946) 
considers that all the blue-green and yellow-green 
strains with similar morphology should be grouped 
together as the P. cyclopium-—viridicatum series. 
P. terrestre is actually placed in the Asymmetrica— 
Funiculosa, but Raper & Thom (1949, p. 445) 
consider that the general colony aspect and the size 
and pattern of the penicilli of the P. terrestre series 
closely approach those of the Lanata on the one 
hand and the Fasciculata on the other. P. brevi- 
compactum is assigned to the group Asymmetrica— 
Velutina but a culture maintained as NRRL 863 
showed characteristics relating it to the P. terrestre 
series (Raper & Thom, 1949, p. 410). 

On the other hand, since terrestric acid and 
viridicatic acid are tetronic acid derivatives, some 
kinship might be expected between the species 
considered above and P. charlesii G. Smith, which 
was the original source of several tetronic acids 
(Clutterbuck, Haworth, Raistrick, Smith & Stacey, 
1934). Actually P. charlesii is assigned to the group 
Monoverticillata-~Ramigena, which is widely separ- 
ated from the Asymmetrica. 

The fungal strain employed in this investigation 
was isolated from Italian garden soil and was 
identified by Mr G. Smith as P. 
Westling. When grown on Czapek—Dox medium the 
culture filtrate gave a moderate brown colour with 
ferric chloride, gave an orange precipitate with 
Brady’s reagent on keeping and _ decolorized 
bromine water. When the acidified filtrate 
extracted with ether, crystalline material 
obtained. This material on fractionation yielded 
two acidic products, one of which was identified as 
terrestric acid (ethylearolic acid), and «-substituted 
y-methyltetronic acid (II). The second product 
from the culture fluid proved to be a hitherto un- 
described acidic substance, a colourless crystalline 
acid, C,,H,,0,, herein named viridicatic acid, 
having properties similar to the tetronic acids and 
in particular to carlosic acid (IIL) (Clutterbuck, 
Raistrick & Reuter, 1935). This similarity is 
evident in the following summary of the properties 
of viridicatic acid (IV). 


viridicatum 


was 
was 
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(1) Carolic acid (hydrated form) 
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(II) Terrestric acid (hydrated form) 
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(1) It gives with aqueous ferric choride an im- 
mediate brownish-yellow precipitate, insoluble in 
excess of reagent. Like carlosic acid it gives no 
eolour with sodium nitrite. 

(2) The acid titrates as dibasic and like carlosic 
acid shows a negative optical rotation. 

(3) On short acid hydrolysis it affords carbon 
dioxide, m-hexanoic acid and f-hydroxylaevulic 
acid (isolated as 2:4-dinitrophenylhydrazone), 
which breaks down further on prolonged hydrolysis 
to afford a second mol. of carbon dioxide and 
acetoin. Under similar prolonged hydrolysis 
carlosic acid yields 2 mol. of carbon dioxide and 
1 mol. each of n-butyric acid and acetoin. 

(4) On bromination in aqueous 50 % acetic acid it 
gives (—)-a-bromo-y-carboxymethyltetronic acid 
identical with that obtained from carlosic acid. 

(5) The absorption spectrum (in ethanol) shows 
peaks in the ultraviolet at ) 230 my (log « 3-86) and 
268 mp (log « 4-10), which is consistent with its 
being a tetronic acid derivative. Thus carlosic acid 
(in water) shows maxima at 230 my (log e 4-12) and 
265 my (log e 4-15) (Herbert & Hirst, 1935). 

(6) On catalytic reduction (palladium on char- 
coal) 2mol. of hydrogen are absorbed and a 
crystalline acid, C,,H,,0;, is formed. This is con- 
sistent with the reduction of a CO group to a CH, 
group, such as occurs in the reduction of other 
a-acyltetronic acids (e.g. carlosic acid to the so- 
called tetrahydrocarlosic acid). This interpretation 
of the reaction is confirmed by the absorption 
spectra. The ultraviolet now shows only a single 
band at A 230my (log « 4:08) in ethanol [cf. tetra- 
hydrocarlosic acid, having asingle band at A 252 my 
(log « 3-95) in water]. The infrared bands of viridic- 
atic acid at 1605, 1577 (due to conjugation) and 
1745 cm. (due to carbonyl) disappear on reduction. 

It thus appears that viridicatic acid has the 
structure (— )-«-hexanoyl-y-carboxymethyltetronic 
acid (IV), which differs from carlosic acid (III) only 
in the replacement at the «-carbon of the butyryl by 
the n-hexanoy] residue. The relationship between 
viridicatic acid (IV) and carlosic acid (II) is similar 
to that between terrestric acid (II) and carolic acid 
(I) since the second member of each pair differs 
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(IV) Viridicatic acid 


from the first member only in the additional ethy] 


group replacing hydrogen on the w-carbon atom of 


the «-substituent of the tetronic acid. It is to be 
noted, however, that the w-carbon atom of carolic 
acid (hydrated form) carries a hydroxy group. The 
introduction of the ethyl group therefore creates 
a new centre of asymmetry ; this does not happen in 
the transition from carlosic acid to viridicatic acid. 

Because of the close relationship between these 
two pairs of acids, the isolation of terrestric acid 
together with viridicatic acid as metabolites of one 
particular strain of P. viridicatum suggests that the 
additional ethyl groups present in these acids arise 
by the incorporation of an additional acetate 
residue into the lower homologue or its precursor in 
each case, the acetate grouping being reduced in 
the further course of biosynthesis. 

Lybing & Reio (1958) have clearly demonstrated 
the regularly alternating high and low radioactivity 
in the carbon atoms of the «-side chain of carolic 
acid and carlosic acid obtained by the agency of 
Penicillium charlesii from CH,*!4CO,H. This indi- 
cates that the chain is formed from acetate units. 
An addition of one acetate unit only would be re- 
quired to produce the chains required for terrestric 
acid and viridicatic acid respectively. 


EXPERIMENTAL 


Combustion analyses. These were carried out by Dr Ing. 
A. Schoeller. All melting points are corrected. 

Organism. The culture employed was isolated from a 
sample of Italian garden soil by Mr G. Agosti in 1956 and 
was identified by Mr G. Smith as Penicillium viridicatum 
Westling. It bears the L.S.H.T.M. catalogue no. G.A. 834. 

Cultural conditions. The culture medium used was a 
Czapek—Dox medium of the following composition: glucose, 
50 g.; NaNO,, 2g.; KH,PO,, 1 g.; KCl, 0-5g.; MgSO,, 
7H,0, 0-5 g.; FeSO,,7H,O, 0-01 g.; water to 11. This was 
distributed in 350ml. amounts in 11. conical flasks, 
sterilized by steaming on 3 successive days, sown with a 
suspension of spores of the culture grown on wort-agar 
slopes and incubated at 24° in the dark. 

Optimum time of incubation. In preliminary experiments 
three flasks were harvested after 7, 14 and 21 days and the 


culture filtrates were extracted with ether. On evaporation | 


of the ether, crystalline material was obtained after 7 days’ 
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Table 1. Reactions of culture filt 


VIRIDICATIC ACID 


rates of Penicillium viridicatum 


Time after 


Bromine Brady’s 
Period of Residual water used reagent 
growth glucose by 5 ml. FeCl, orange ppt. 

(days) pH (%) (ml.) reaction (hr.) 
5 4-0 3-66 0-25 Dark yellow 4-5 
7 3:7 2-70 0-40 Dark yellow 4-5 
9 3°5 2-02 0-50 Dark yellow 3-4 
12 3-5 1-67 0-60 Light brown 3-4 
15 3°5 1-08 0-85 2-3 


Light brown 


Table 2. Yield of metabolic products extracted with ether from culture filtrates 
of 20 flasks of Penicillium viridicatum 


pH 3-5 
ee 


Crystalline product 


ai . 
Period of Total gummy 


growth material —_-— - 
(days) (g-) (g-) (m.p.) 
5 0-39 0-05 168-17 
7 0-80 0-07 165-17 
9 0-95 Nil — 
12 1-45 Nil 
15 1-85 Nil 


incubation but only intractable gummy material from the 
culture filtrates after 14 and 21 days. The crystalline 
material, of m.p. 165-170°, was mainly the new metabolic 
product. To determine the optimum period of incubation 
for maximum yield of the new product, 100 flasks of the 
culture medium were inoculated and 20 flasks were 
harvested at the end of 5, 7, 9, 12 and 15 days. The culture 
filtrates were examined for pH, residual glucose and for 
reactions with aq. FeCl,, Brady’s reagent and bromine 
water. The pH was determined by means of indicator 
papers, residual glucose by polarimeter and the reactions 
with Brady’s reagent were performed by adding 5 ml. of the 
reagent to 5 ml. of the culture filtrate. For the bromine 
absorption, saturated biomine water was added drop by 
drop to 5 ml. of the culture filtrate, until the bromine colour 
persisted. The results of these tests are recorded in Table 1. 

The culture filtrates then concentrated under 
reduced pressure at 30-35° to about 750 ml. This volume 
was extracted four times with 0-5 vol. of ether, first at the 
original pH 3-5, then again after adjustment to pH 2-0 
with conc. HCl. The amount of gummy extract and the 
weight of crystalline material separated therefrom by 
trituration with etherare recorded in Table 2. The maximum 
yield of crystalline material was thus obtainable after 
7 days’ incubation followed by extraction at pH 2-0. 

Isolation and purification of metabolic products. Batches 
of 100 flasks were sown and harvested after 7 days. The 
culture filtrate of each batch was concentrated to about 
1-5 1., adjusted to pH 2-0 with conc. HCl and extracted with 
ether (4 x 750 ml.). The combined ether extracts were con- 
centrated to 500 ml. The acidic fraction was extracted from 
the ether with saturated aq. NaHCO,, and the latter was 
acidified with HCl and the product transferred to ether. 
The solution was dried over anhydrous Na,SO, and con- 
centrated to 25-30 ml. On keeping, the solution deposited 
gummy crystals (11-2 g.) which, after trituration with 
ether, gave a yellowish solid. Three recrystallizations from 
ethyl acetate afforded colourless platelets (2-01 g.) of viri- 
dicatic acid of constant m.p. 174-5°. 


were 


pH 2-0 
Total gummy Crystalline product 
material - ———___~——_—__,, 
(g-) (g-) (m.p.) 
0 2-0 0-15 170-172 
0 3°8 0-58 168-170 
55 0-37 160-170 
6-5 0-33 160-170 
8-8 0-34 160-168 


The ether mother liquor and washings from the viri- 
dicatic acid were combined, diluted to 100 ml. with boiling 
ether and added to 500 ml. of boiling light petroleum 
(40-60°). The mixture, kept overnight at 0-5°, deposited a 
crystalline solid, m.p. 85-87° (1-97 g.). A further crop 
(1-03 g.) of m.p. 83-85° was obtained on concentration of 
the mother liquor. The total crude material was purified by 
recrystallization from light petroleum (60-80°) and was 
obtained as colourless needles (2-1 g.) of m.p. 89°, not 
depressed on admixture with an authentic sample of 
terrestric acid; [«]?%.) + in water (c, 1) [Found: C, 
62-7; H, 6-8; equivalent (phenolphthalein), 211. Cale. for 
C,,H,,0,: C, 62-8; H, 6-7%; mol.wt. 210]. The product 
gave an orange colour with aq. FeCl, and a faint violet with 
NaNO, on keeping overnight. These reactions are given by 
terrestric acid, which has [«]?%,, +61-1° in water (c, 0-5) 
(Birkinshaw & Raistrick, 1936). The part of the ether 
extract insoluble in aq. NaHCO,, on removal of solvent, 
was a tarry material from which no crystalline product 
could be obtained. 

Mycelial products. The dried mycelium (268 g.) was 
ground and extracted continuously first with light petro- 
leum (b.p. 40-60°) and then with ethyl ether. Two colourless 
products were obtained from the light petroleum extracts, 
namely (i) viridicatin (0-26 g.), identified by mixed m.p. 
with authentic viridicatin and by preparation of the 
diacetyl derivative, and (ii) ergosteryl palmitate (0-65 g.) 
identified by Liebermann—Burchard colour reaction and 
by m.p. and by mixed m.p. with an authentic sample. 
From the ether only i-erythritol (2-65 g.) was obtained, 
identified by mixed m.p. with an authentic sample and by 
preparation of the tetra-acetyl derivative. Another batch 
of mycelium (250 g.), when extracted with ethyl acetate 
after removing from it all light petroleum-soiuble material, 
yielded colourless needles of m.p. 165—166° (1-05 g.), identi- 
fied as mannitol by mixed m.p. and preparation of the 
tribenzylidene derivative. 

Properties of viridicatic acid. The acid crystallizes in 
colourless platelets of m.p. 174-5°, resetting on cooling and 


24.2 
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remelting at the same temperature. It sublimes unchanged 
in high vacuum at 140-150°; [«]?4,, — 105° in ethanol (c, 1), 
light-absorption values in ethanol 4,,,, 230, 268 mp, 
log « 3-86, 4-10 respectively [Found: C, 56-4, 56-1; H, 6-2, 
6-3; OMe, nil; equivalent (phenolphthalein) 128. Calc. for 
Cy2H,,0, : C, 56-3; H, 6-25%; mol.wt. 256]. 

Viridicatic acid gives with aq. FeCl, an immediate 
brownish ppt. insoluble in excess of the reagent but gives no 
colour with aq. NaNO,. It does not reduce ammoniacal 
AgNO, or Fehling’s solution. It gives no colour with 
sodium nitroprusside solution but gives a violet with m- 
dinitrobenzene and 3:5-dinitrobenzoic acid in excess of 
dilute aq. NaOH (test *CH,°CO*, *CH:C(OH):, 
Mann & Saunders, 1944). It gives no iodoform reaction and 
does not restore the colour of Schiff’s reagent. 


for: 


Derivatives of viridicatic acid 


Viridicatic acid failed to give acetyl or benzoyl deri- 
vatives by the usual methods; this behaviour is similar to 
that shown by carlosic acid. 

Mono-p-bromophenacyl ester. Viridicatic acid (0-118 g.) 
was neutralized with 0-1N-NaOH (8-96 ml.) and _ boiled 
under reflux with p-bromophenacyl bromide (0-25 g.) and 
ethanol (15 ml.). The crudeester (0-21 g., m.p. 185-188°) was 
recrystallized from ethanol and the mono ester was obtained 
as colourless rods of m.p. 188-5° [Found: C, 52-6; H, 4-6; 
Br, 17-9; Cy>H,,O,Br requires C, 52-9; H, 4-8; Br, 17-83%]. 

Semicarbazone. Viridicatic acid (0-05 g.), semicarbazide 
hydrochloride (0-026 g.) and sodium acetate (0-023 g.) 
were dissolved in water (25 ml.) at 90°. The product 
(0-053 g., m.p. 197—-198°) was collected and recrystallized 
from hot water, thus affording needles of the semicarbazone, 
m.p. 198-199° [Found: C, 49-5; H, 6-0; N, 13-7. C,;H,,O,N; 
requires C, 49-8; H, 6-1; N, 13-4%]. 

Reaction with diazomethane. Viridicatic acid (0-116 g.) 
was suspended in ether and excess of diazomethane in 
ether was added. The reaction appeared complete in a few 
minutes. After 4-5 hr. the ether was removed and the 
residue was dried over H,SO, in vacuo for several days. As 
with carlosic acid a yellowish oil (principally the dimethyl 
derivative) resulted, which did not crystallize [Found: 
OMe, 22-9; C,.H,,0,(OMe), requires 21-8 %]. The methoxy] 
content, which was somewhat high for two methoxy groups, 
as with the corresponding derivative of carlosic acid, 
suggests that there may have been slight enolization 
(followed by methylation) in the «-acyl side chain. 

Catalytic hydrogenation of viridicatic acid. Viridicatic acid 
(0-5 g.) dissolved in ethanol (100 ml.) was hydrogenated in 
the presence of a palladium on charcoal catalyst (4 g.) 
added as suspension in ethanol (60 ml.). The uptake of 
hydrogen amounted to 2 mol. after about } hr. The catalyst 
was removed by filtration and the filtrate was evaporated 
to dryness. The yellowish-white solid obtained, after re- 
peated recrystallization from aq. 30% ethanol, gave ( — )-a- 
hexyl-y-carboxymethylietronic acid, needles, m.p. 205 
(decomp.), [«]?$,, - 74° in ethanol (c, 1), light-absorption 
values in ethanol A,,,,,. 230 my, log « 4-08 (Found: C, 59-4; 
H, 7-6; equivalent 121. C,,H,,0; requires C, 59-5; H, 
7-85%; mol.wt. 242). 


Degradative studies on viridicatic acid 


Acid hydrolysis. Viridicatic acid (1-035 g.) was hydrelysed 
under reflux with boiling 2N-H,SO, (60 ml.) in a stream of 
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CO,-free N,, the effluent gases passing successively through 
bubblers containing Brady’s reagent and standardized aq. 
Ba(OH),, which was titrated at intervals. The CO, liberated 
after 3, 5, 10, 15 and 25 hr. corresponded with 78-5, 105-5, 
115-0, 128-5 and 147-0 ml. of 0-1N-Ba(OH), respectively. 
The amount required for liberation of 2 mol. of CO,/mol. 
of viridicatic acid is 161-7 ml. of 0-1N-Ba(OH),. One 
molecule of CO, was therefore eliminated rapidly, the 
second molecule much more slowly. There was a small 
amount of precipitate in the bubbler with Brady’s reagent. 
The hydrolysis mixture was neutralized with n-NaOH and 
evaporated under reduced pressure to dryness several 
times, water being added after each distillation. The com- 
bined distillates made up to 500 ml. were investigated as 
follows: the distillate (i) reduced Fehling’s solution in the 
cold, (ii) gave a positive Voges—Proskauer reaction (indi- 
cating the probable presence of acetoin or diacetyl) and 
(iii) gave slowly with Brady’s reagent the bisdinitrophenyl- 
hydrazone of diacetyl, m.p. 321° after recrystallization 
from a mixture of toluene and nitrobenzene (Found: C, 
43-3; H, 3-5; N, 25-1. C,,H,,O,N, requires C, 43-1; H, 3-2; 
N, 25-1%). The m.p. was not depressed on admixture with 
an authentic specimen. The amount of the bisdinitro- 
phenylhydrazone of diacetyl obtained from the total 
distillate was 1-627 g., whereas the theoretical amount, 
assuming | mol. of acetoin from 1 mol. of viridicatic acid, is 
1-776 g. 

An attempt to isolate the volatile acid after this pro- 
longed hydrolysis was unsuccessful; it may have been 
slowly removed despite the reflux condenser. 

Isolation of n-hexanoic acid. In another experiment 
viridicatic acid (1-02 g.) was hydrolysed with 100 ml. of 
n-H,SO, for 4-5 hr. The hydrolysate was then distilled and 
the distillate collected. Distillation was repeated after 
addition of water to the residue until no more volatile acid 
was obtained. The total distillate required 33-7 ml. of 
0-1n-NaOH for neutralization to phenolphthalein, corre- 
sponding with 85% of 1 mol. of volatile acid from 1 mol. of 
viridicatic acid. 

(i) Isolation as p-bromophenacyl ester. The sodium salt 
ethanol was refluxed with the theoretical 
amount of p-bromophenacyl bromide under the usual 
conditions and afforded the p-bromophenacy] ester of n- 
hexanoic acid as platelets of m.p. 72°, not depressed on 
admixture with the ester derived from authentic n- 
hexanoic acid (Found: C, 53-95; H, 5-6; Br, 25-4. Cale. for 
C,,H,,0,Br: C, 53-7; H, 5-4; Br, 25-6%). Thus the fatty 
acid formed as hydrolytic product was identified as n- 
hexanoic acid. 

(ii) Isolated as amide. The acid (0-21 g.) was extracted 
with ether from 100 ml. of the volatile acid distillate and 
converted into the methyl ester with diazomethane. The 
ester was treated with 10 ml. of cone. aq. NH, soln. and 
kept at 0° for 2 days. It was then neutralized with 2N-HCl 
and extracted with ether, which afforded colourless needles 
(0-23 g.) of m.p. 99-100°, recrystallized from light petroleum 
to a constant m.p. of 101°. The m.p. was not depressed by 
admixture with an authentic sample of n-hexanoamide 
[Found: C, 62-7; H, 11-0; N, 12-2. C,H,,0N requires C, 
62-55; H, 11-4; N, 12-2%]}. 

Isolation of B-hydroxylaevulic acid as dinitrophenyl- 
hydrazone. Viridicatic acid (0-41 g.) was hydrolysed with 
2Nn-H,SO, (25 ml.) for 4 hr. and the product was evaporated 
to small volume under reduced pressure. The residue was 
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extracted with ether and the oily material so obtained was 
dissolved in water and treated with Brady’s reagent. The 
mixture was kept overnight, then the crude dinitrophenyl- 
hydrazone was collected and purified by dissolving in aq. 
NaHCO, and reprecipitating. It was finally recrystallized 
from aq. ethanol and afforded orange needles of the ( — )- 
2:4-dinitrophenylhydrazone of B-hydroxylaevulic acid, m.p. 
163° (decomp.), [«]?4,, — 63° in ethanol; (c, 0-2) [Found: C, 
42-45; H, 4-0; N, 18-0. Cale. for C,,H,,.0,N, (from C;H,O,): 
C, 42:3; H, 3-9; N, 17-95%]. It gave no depression in m.p. 
when mixed with an optically inactive synthetic sample 
prepared for comparison. 

Reaction with bromine: preparation of ( —)-«-bromo-y- 
carboxymethyltetronic acid. (a) Viridicatic acid (0-489 g.) 
was dissolved in acetic acid (25 ml.) and treated dropwise 
with 1-3N-bromine in acetic acid. There was no decoloriza- 
tion. After 0-5 ml. of the bromine solution had been added 
the mixture was kept for 1 hr. and then evaporated at room 
temperature over KOH in high vacuum. The product 
(0-49 g.), m.p. 174-175°, proved to be unchanged viridicatic 
acid. No bromination therefore under 
conditions. 

(6) Viridicatic acid (0-480 g.) was dissolved in aq. 50% 
(v/v) acetic acid (25 ml.) and 1-3N-bromine in the same 
solvent was added. Immediate decolorization occurred and 
a sharp end-point was obtained after the equivalent of 
2mol. of bromine had been added. The solution 
rapidly evaporated at 30° over KOH and yielded a yellow- 
ish-brown crystalline mass (0-495 g.). This was treated with 
8 ml. of CHCl, and filtered. The solid thus obtained was 
washed with ether—light petroleum (1:1) and afforded a 
colourless solid of m.p. 193-194°, recrystallized to give 
(—)-«-bromo-y-carboxymethyltetronic acid (0-26g.) of 
m.p. 194° (decomp.). The acid gave a red with aq. FeCl, 
and a violet with NaNO, [ Found: C, 30-1; H, 2-05; Br, 33-7; 
equivalent (phenolphthalein), 119. Calc. for C,H,O,Br: C, 
30-4; H, 2-1; Br, 33-7%; moi.wt. 237]. The product had 
[}3%6, — 120° in water (c, 0-56), showed no depression in 


occurred these 


was 


m.p. when mixed with authentic material prepared 
similarly from carlosic acid, for which [«]?{,,-117° in 


water (c, 0-562) is reported (Clutterbuck et al. 1935). 
Preparation of synthetic (+-)-B-hydroxylaevulic acid 2:4- 
dinitrophenylhydrazone. -Bromolaevulic acid (1-05 g.), 
prepared according to Overend, Turton & Wiggins (1950), 
was hydrolysed in 0-5N-KOH (20 ml.). After half an hour at 
room temp. an excess of Brady’s reagent was added. The 
crude dinitrophenylhydrazone was collected after 1 hr. and 
purified by dissolution in and reprecipitation from aq. 
NaHCO,. The orange—yellow solid (0-58 g.; m.p. 158-160°) 
was recrystallized from aq. ethanol (50%, v/v) to yield the 
(+)-B-hydroxylaevulic acid 2:4-dinitrophenylhydrazone of 
m.p. 163° (decomp.) [Found: C, 42-6; H, 4-0; N, 17-6. 
C,,H,,0,N, requires C, 42-3; H, 3-9; N, 17-95%]. 


SUMMARY 


1. From the culture filtrate of a strain of 
Penicillium viridicatum Westling, G.A. 834, two 
crystalline acids were obtained, namely terrestric 
acid and a new acid, viridicatic acid. 

2. Viridicatic acid, C,,H,,0O,, m.p. 174-5°, 
[x]?%51 — 105° in ethanol (c, 1), titrates as a dibasic 
acid, and has properties close to those of the 
tetronic acid derivative carlosic acid. 
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3. Derivatives of viridicatic acid prepared were 
the mono-p-bromophenacyl ester, m.p. 188-5°, 
semicarbazone, m.p. 198—199°. Catalytic hydrogen- 
ation afforded (—)-«-hexyl-y-carboxymethyltet- 
ronic acid, m.p. 205° (decomp.), and bromine in 
aqueous acetic acid gave (— )-«-bromo-y-carboxy- 
methyltetronic acid. 

4. On viridicatic acid 
affords carbon dioxide, and £- 
hydroxylaevulic acid; on prolonged hydrolysis a 
further molecule of carbon dioxide and of acetoin 
the 


and 


short acid hydrolysis 


n-hexanoie acid 


are degradation of 
laevulie acid. 


5. These facts and other properties such as 


obtained by hydroxy- 


light-absorption values establish the structure of 
viridicatic (— )-«-hexanoyl-y-carboxy - 
methyltetronic The 
viridicatie acid and carlosic acid is thus similar to 


acid as 
acid. relationship between 
that between terrestric and carolic acid, since the 
first member of each pair differs from the second 
only by the presence of an additional ethyl group. 

6. The mycelium of strain G.A. 834 afforded 
mannitol, 7-erythritol, ergosteryl palmitate and 
viridicatin. 
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Forsyth (1955) showed that the fresh cacao bean 
contains three ‘leucocyanidin’ compounds, which 
were termed L1, L2 and L3 in order of decreasing 
concentration in the bean. We have previously 
shown (Forsyth & Roberts, 1958) that the cacao 
leucocyanidin 1 molecule is built up of two C,; 
flavan units, one of which is (—)epicatechin, and 
the other a residue which yields cyanidin on treat- 
ment with acid. Structure (I) was tentatively 
suggested as the most likely structure for the whole 
molecule. Recent work by Gramshaw, Johnson & 
King (1958), taken in conjunction with the results 
reported here, show that (I) is incorrect, and (II) is 
the most probable structure of cacao leucocyanidin. 
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MATERIALS AND METHODS 


Imperial College selection clone no. 1 cacao beans were used 
throughout. Pulp was removed from the fresh beans by 
agitation in a household washing machine, and the pulp- 


* Part 4: Forsyth & Quesnel (1957). 
+ Present B.F.M.I.R.A., 
Leatherhead. 


address: Randalls Road, 


free beans were spread out to dry in the sun for 3-4 days. 
Drying was essential, as attempts to extract the poly- 
phenols from fresh beans were hindered by polyphenol- 
oxidase activity. 


Isolation of leucocyanidin 1 


Dry beans (1 kg.) were blended in small lots in a Waring 
Blendor with portions of 2 1. of 80% etharol. After blend- 
ing the suspension was filtered through sintered glass. The 
bean powder was returned to the Blendor and the extrac- 
tion repeated twice. 

The combined dark-purple filtrates (6 1.) were evaporated 
in vacuo on a water bath to approx. 500 ml. This solution 
was extracted with an equal volume of light petroleum 
(100-120°), and then with a half volume of ether to remove 
any residual petroleum, which would interfere with sub- 
sequent steps in the isolation. The aqueous solution was 
then subjected to an ethyl acetate-water counter- 
current extraction and subsequent chromatography as 
described by Forsyth (1955). Leucocyanidin 1 was ob- 
tained as a white amorphous powder with m.p. 197-203 
(decomp.); [«]?#?+40° in acetone (c, 10). U.v. max., 
277 mp (E}%, 185) (Found: C, 60-6; H, 4:6; OMe, 0. 
CooH2,013 requires C, 60-6; H, 4.4%). The compound was 
homogeneous on chromatograms in water, butanol-acetic 
acid—water (4:1:5) and _ m-cresol-acetic acid—water 
(50: 2:48) and moved as one round spot on electrophoresis 
in 0-05M-boric acid—sodium borate buffer, pH 7-6. 


Methylation of leucocyanidin 1 


Methylation was carried out in two ways, either by the 
action of dimethyl sulphate in acetone in the presence of 
anhydrous potassium carbonate, or, better, with diazo- 
methane. 

Dimethyl sulphate—potassium carbonate method. Leuco- 
cyanidin 1 (1 g.) was dissolved in acetone (100 ml.) and 
anhydrous potassium carbonate (10g.) and dimethyl 
sulphate (2 ml.) were added. The solution was heated under 
reflux. After 1 hr. a sample of the solution was removed 
and tested for the presence of phenols with the ferric 
chloride—potassium ferricyanide reagent of Barton, Evans 
& Gardner (1952). Dimethyl sulphate (0-5 ml.) was again 
added and refluxing continued for a further 1 hr. The test 
was then repeated. This procedure was continued until the 
test for phenols was negative (4 hr. ; total dimethyl] sulphate 
added: 3-5 ml.). The solution was filtered and the potassium 
salts were washed with acetone (50 ml.). A few drops of 
concentrated aqueous ammonia solution were added to the 
filtrate to destroy any residual dimethyl sulphate. The 
solution, after dilution with water, was extracted with 
chloroform (3 x50 ml.) and the extract dried (sodium 
sulphate). The extract was chromatographed on silica- 
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treated paper (Roberts, 1958) and the products were 
detected with a solution of vanillin in conc. hydrochloric 
acid. Three compounds were usually revealed: 1, the major 
spot of the methylated leucocyanidin; 2, a minor spot with 
Rp identical with that of 3’:4’:5:7-tetra-O-methylepicate- 
chin; 3, a trace of a substance of high R,, which turned red 
on exposure to cold cone. hydrochloric acid. The relative 
amount of the minor constituents was found to vary de- 
pending on the presence of traces of water or sulphuric acid 
in the reagents used. It was frequently necessary to purify 
the methylated leucocyanidin 1 by chromatography on a 
silica-gel column. This was achieved as follows. 

Silica gel (Hopkin and Williams Ltd., M.F.C. grade; 
20 g.) was shaken with Celite 545 (Johns—Manville; 10 g.) 
and the mixture packed into a column 6 in. x lin. The 
methylated leucocyanidin solution was concentrated in 
vacuo to approx. 5 ml. and 15 ml. of benzene was added. 
The solution was applied to the column and the chromato- 
gram developed with 25 % (v/v) of chloroform in benzene 
(300 ml.). This solvent eluted the impurities, and the 
methylated leucocyanidin could then be eluted with 
chloroform. The chloroform solution on evaporation to 
dryness yielded up to 700 mg. of methylated leucocyanidin 1 
as an amorphous solid. Solution of this solid in hot 
ethanol and cooling deposited the methylated leucocyanidin 
as a white powder m.p. 132° (decomp.) [a]? +75° in acetone 
(c, 2-5) [Found: C, 64-4; H, 6-0; OMe, 34-6. Mol.wt. (Rast) 
710, 725. Cy9H,,0;(OMe), requires C, 64-6; H, 6-0; OMe, 
35:1%. Mol.wt. 706]. 

The compound was insoluble in dilute aqueous sodium 
hydroxide solution and gave no colour with ethanolic 
ferric chloride solution. 

The infrared spectrum of the compound, by comparison 
with the spectrum of 3’:4’:5:7-tetra-O-methyl( — )epicate- 
chin, shows the presence of two (probably adjacent) 
hydroxyl groups per molecule, but no significant carbonyl 
absorption. 

Methylation with diazomethane. A solution of diazo- 
methane in ether was prepared from nitrosomethylurea 
(10 g.) and distilled. One-half of the ethereal distillate was 
added to a solution of leucocyanidin 1 (1 g.) in methanol 
(100 ml.) at 0°. The solution was kept at 0° for 24 hr. The 
other half of the diazomethane was then added and the 
solution kept at 0° for a further 48 hr. A test with the 
ferric chloride—potassium ferricyanide reagent indicated 
that all the phenolic groups had then been methylated. 

After evaporation to 25 ml. in vacuo, water was added 
and the mixture cooled to 0° and filtered. The amorphous 
product was dissolved in hot ethanol and cooled, yielding a 
white powder, m.p. 132° (decomp.), identical with the 
material isolated from the dimethyl sulphate—potassium 
carbonate preparation. 


Acetylated leucocyanidin 1 


This compound was prepared in the usual way by the 
action of acetic anhydride and pyridine at room tempera- 
ature for 48 hr. The reaction mixture was poured into ice 
water, stirred and the product isolated by filtration. 
Acetylated leucocyanidin 1 crystallized from ether at 
- 60°, m.p. 135°, as colourless prisms [Found: C, 59-4; 
H, 4-7; Ac, 36-65, 36-4. Mol.wt. 1100 (Rast) 1150 (ebullio- 
scopic in chloroform). C3).H,,0,,(Ac), requires C, 59-3; 
H, 4-5; Ac, 36-:9%. Mol.wt. 930]. The previously reported 
value of 42-1% of acetyl (Forsyth & Roberts, 1958) has 
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now been shown to be erroneous. This result was probably 
due to the use of alkaline conditions of hydrolysis during 
the determination, which in this class of compound fre- 
quently yields excessively high values. 

Attempted acetylation of methylated leucocyanidin 1. 
Acetylation of methylated leucocyanidin 1 was attempted 
by the above method. The product, a white amorphous 
solid, m.p. 120-130°, contained no acetyl group. 


RESULTS 


Degradations of leucocyanidin 1 


Production of cyanidin. Treatment of leucocy- 
anidin 1 in strongly acid solution (2N) at the boiling 
point produced an intense red, which was extracted 
into butanol. A sample of this butanol solution 
spotted on a paper chromatogram and developed in 
Forestal solvent (acetic acid—water—conc. hydro- 
chloric acid, 30:10:3) showed a spot (R, 0-50) 
identical in colour with, and not separated from, 
a sample of synthetic cyanidin. 

Leucocyanidin 1 (50mg.) was dissolved in 
butanol containing 20% (v/v) of cone. hydro- 
chloric acid (15 ml.) and the solution heated for 
30 min. in a sealed tube at 100°. The solution was 
then washed with an equal volume of water, and 
the butanol layer was applied to a column of 
cellulose which had been equilibrated with the 
upper phase of a butanol—2N-hydrochloric acid 
mixture (1:1, v/v). Development of the chromato- 
gram with the same solvent washed down a fast- 
moving brown band, followed closely by a broad 
red band. The red band was collected and concen- 
trated in vacuo on a water bath. Chromatography 
of this solution on paper chromatograms developed 
in butanol—2 n-hydrochloric acid or Forestal solvent 
showed the presence of a single spot, indistinguish- 
able in R, and colour from a sample of synthetic 
cyanidin chloride [R, (Forestal solvent), 0-50; R, 
(butanol-2Nn-hydrochloric acid), 0-70]. The ab- 
sorption spectrum of the solution between 400 and 
600 mp was identical with that of the synthetic 
eyanidin chloride (A 540 mz) in the same sol- 
vent. 

No attempt was made to determine the yield of 
product on a dry-weight basis, as previous ex- 
perience indicated that acid eluents from cellulose 
columns frequently contain colourless cellulosic 


max. 


impurities in appreciable amounts. The yields of 
cyanidin obtainable from leucocyanidin 1 have 
been studied by making use of the cyanidin ab- 
sorption maximum at 540 my. The visible absorp- 
tion spectrum of acid-hydrolysed leucocyanidin | 
exhibits two absorption maxima, a minor one at 
460 mp and the major peak at 540 mp (cf. Raud- 
nitz, 1958). (It is likely that the peak at 460 my is 
due to a catechin polymer, as treatment of epi- 
catechin in strongly acid solution produces a 





substance having an absorption maximum at this 
wavelength; cf. Swain & Hillis, 1959.) The maxi- 
mum yield of cyanidin which could be obtained 
was 14%, based on the weight of leucocyanidin 1. 
This was achieved by use of a mixture of butanol— 
water—conc. hydrochloric acid (7:2:1), heated for 
30 min. at 100° in a sealed tube. The yield of 
cyanidin was not significantly affected by the use of 
an inert atmosphere. 


Isolation of (—)epicatechin 


Hydrolysis in 0-1N-hydrochloric acid. 
(1953) has discussed some quantitative aspects of 
this hydrolysis. Leucocyanidin 1 (500 mg.) dis- 
solved in 0-1N-hydrochloric acid (25 ml.) 
boiled for 5 min., cooled and passed through a 
diagonal five-funnel ethyl acetate—water counter- 
current extraction (25 ml. phases) (Bush & Densen, 
1948). After separation, paper chromatography of 
each of the ten fractions showed that epicatechin 
was present in the ethyl acetate layers and the 
aqueous layers contained leucocyanidin 1 and more 
complex products. The ethyl acetate layers were 
bulked, dried (sodium sulphate) and evaporated to 
dryness in vacuo. The solid residue was dissolved in 
water (10ml.) and extracted with ether (10 x 10ml.). 
The combined ether extracts were dried (Na,SO,) 
and taken to dryness in vacuo. The solid residue 
(about 10mg.) was crystallized from water (1 ml.), 
yielding 3mg. of colourless crystals with m.p. 
232—234° (decomp.). The mixed m.p. with an 
authentic sample of (—)epicatechin was 231—235' 
(decomp.). 

Hydrolysis in sulphurous acid. Leucocyanidin 1 
(1 g.) in water (50 ml.) was heated under reflux in 
a stream of sulphur dioxide for 2}hr. Paper 
chromatography of the hydrolysis mixture showed 
that this treatment had split the molecule into 
halves, one of which had R, values corresponding 
with epicatechin, and the other had R, (water) 
0-90, R, (butanol—acetic acid—water) 0-20. This sub- 
stance is referred to as substance A below. The two 
products were separated as follows. The cooled 
solution was applied to a column (40 cm. x 3 cm.) 
of washed cellulose powder (Solka Floc) and the 
chromatogram was developed with water. Frac- 
tions (10 ml.) were collected and examined by 
paper chromatography. Those fractions containing 
substance A and those containing epicatechin were 
separately combined, frozen and evaporated to 
dryness in a vacuum desiccator over cone. sul- 
phuric acid. 

The solid residue from the solution of substance A 
(459 mg.) could not be crystallized. A sodium- 
fusion test for elements indicated the presence of 
sulphur and a test with cold sodium bicarbonate 
solution showed that the substance was acidic. By 
analogy with lignin chemistry the substance was 
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was 
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thought to be a sulphonic acid. Treatment of the 
substance with boiling 20% hydrochloric acid in 
butanol gave a purple solution, which was shown 
by chromatography in Forestal solvent to contain 
a small quantity of cyanidin chloride together with 
a pigment moving as a purple spot R, 0-8. Sub- 
stance A was not investigated further. 

The solid residue from the epicatechin solution 
(303 mg.) was dissolved in acetone (25 ml.) and the 
filtered to small amount of 
cellulose impurity. Evaporation of the acetone and 
crystallization of the residue from water gave 
(— )epicatechin as needles, m.p. 229°; [«]}? — 36° in 
acetone (c, 2-5) (155 mg.). The mixed melting point 
with an authentic sample of (—)epicatechin was 
229-238°. 

(—)epiCatechin was submitted to the hydrolysis 
described above and recovered chemically un- 
changed in 90% yield. After recrystallization 
from water it had m.p. 235-240°; [«]?? —46° in 
acetone (c, 2). 


solution remove a 


Stability of leucocyanidin 1 in aqueous solution 


To portions (5 ml.) of leucocyanidin 1 solution 
(1 mg./ml.) were added 0-05M-buffer solutions 
(5 ml.) in the range pH 4-0—10-0. After the solu- 
tions had been allowed to stand at room tempera- 
ture for 18 hr., samples (2 ml.) were taken and conc. 
hydrochloric acid (1 ml.) and butanol (7 ml.) were 
added to each one. The solutions were then heated 
in sealed tubes at 100° for 30 min., to convert the 
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Fig. 1. Yields of cyanidin obtained by acid hydrolysis of 
leucocyanidin 1 after it had been standing for 18 hr. in 
buffer solutions. 
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leucocyanidin into cyanidin. Determinations of 
extinction of the solutions at 540myp gave a 
measure of the leucocyanidin remaining. The 
results are plotted in Fig. 1. It can be seen that 
outside the range pH 6-0—7-0 leucocyanidin 1 is 
unstable, decomposing to compounds which do not 
give cyanidin on treatment with acid. The pH of 
the fresh cacao cotyledon is 6-5. 


Degradations of methylated leucocyanidin 1 


Hydrolysis in acid solutions. Methylated leuco- 
cyanidin 1 (600mg.) was dissolved in 0-5n- 
hydrochloric acid in 50% ethanol (60 ml.) and 
boiled under reflux for 30 min. The red solution was 
poured into water and exhaustively extracted with 
chioroform, then with a small volume of ether. The 
combined organic layers were shaken with 2N- 
hydrochloric acid (50 ml.) and the red aqueous 
layer was added to the aqueous residue from the 
extraction. 

The organic layer was dried (sodium sulphate) 
and neutralized (sodium bicarbonate) (fraction A). 
The combined aqueous layers were extracted with 
butanol, and the butanol extract was concentrated 
to small volume 7m vacuo (fraction B). 

Fraction A was evaporated to dryness in vacuo 
and the residue 25% (v/v) 
chloroform in benzene (10 ml.). This solution was 
applied to a silica-gel—Celite column (6 in. x 1 in.), 
and the chromatogram developed with the same 
solvent. The eluted fractions were chromatographed 
on silica-treated paper, and those containing tetra- 
O-methylepicatechin were bulked (100 ml.). Evap- 
oration of this solution in vacuo gave 101 mg. of a 
gum which crystallized on rubbing with methanol. 
Recrystallization from methanol gave colourless 
needles, m.p. 142°; [«]??—51-5° in acetone (c, 1). 
The m.p. was unchanged after admixture with an 
equal amount of authentic 3’:4’:5:7-tetra-O-methyl- 
(—)epicatechin. After elution of the methylated 
epicatechin, the solvent was changed to chloroform 
and a fraction (150 ml.) obtained containing un- 
changed methylated leucocyanidin 1. Evaporation 
of this solution gave a white amorphous powder 
(173 mg.), m.p. 127—132°, which was undepressed by 
admixture with a sample of the original compound. 

Fraction B was absorbed on the centre of a 
circle of Whatman Seed Paper, 15 cm. in diameter 
(previously washed with ethanol), and chromato- 
graphed with the butanol-2Nn-hydrochloric acid 
solvent by the Rutter (1950) technique. The red 
band, R, 0-5-0-6, was cut out and the pigment 
eluted from the paper with boiling ethanol con- 
taining a few drops of cone. hydrochloric acid. The 
pigment obtained was not separated by chromato- 
graphy in butanol—2 n-hydrochloric acid or butanol— 
acetic acid—water from an authentic sample of 
3’:4’:5:7-tetra-O-methyleyanidin [synthesized by 
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the method of Gramshaw et al. (1958)]. The visible 
absorption spectrum of the solution was indis- 
tinguishable from that of the synthetic tetra- 
methyleyanidin in the same solvent (A,,,,. 530 my). 

Attempted hydrolysis in alkaline solution. Methy1- 
ated leucocyanidin 1 (10 mg.) was boiled in 0-5N- 
sodium hydroxide in aqueous 50 % ethanol (10 ml.) 
for 30min. The solution was then diluted 
water and extracted with chloroform. The chloro- 
form solution was chromatographed together with 
control samples of methylated leucocyanidin | and 
methylated epicatechin on silica-treated paper 
with ether as the developing solvent. Compounds 


with 


were detected with a solution of vanillin in cone. 
hydrochloric acid. No methylated epicatechin was 
present in the hydrolysis mixture. The only de- 
tectable compounds were unchanged methylated 
leucocyanidin 1 and a trace of a compound with 
R, identical with that of the product obtained by 
methylation of cacao leucocyanidin 2. This result 
indicated that leucocyanidin 1 and leucocyanidin 2 
may be stereoisomers. The structural relationship 
of the two compounds is being investigated. 

Oxidation with periodic acid. Methylated leuco- 
cyanidin 1 (77 mg.) was dissolved in aqueous 50% 
methanol (99 ml.) and 0-5M-periodie acid (1 ml.) 
was added. A blank solution containing only 
periodic acid was prepared at the same time. 
Samples (5 ml.) were taken from each solution at 
specified time intervals and the residual periodic 
acid was determined in the usual way by titration 
with standard sodium solution. No 
periodic acid was utilized during 3 hr. After 10 days 
in the dark at room temperature, approx. 0-5 mole 
of periodic acid had been consumed/mole of 
methylated leucocyanidin 1. 

Oxidation with lead tetra-acetate. A _ similar 
experiment to the above was carried out with lead 
tetra-acetate in acetic acid as the oxidant. It was 
found that methylated leucocyanidin 1 rapidly 
consumed the oxidant to constant value (1 mole/ 
mole of methylated leucocyanidin). This result does 
not necessarily indicate glycol cleavage, as sub- 
sequent experiments showed that 3’:4’:5:7-tetra-O- 
methylepicatechin is oxidized under the same con- 
ditions, with the consumption of 0-5 mole of 
oxidant. 


arsenite 


DISCUSSION 


The identification of 3’:4’:5:7-tetra-O-methylcyan- 
idin and 3’:4’:5:7-tetra-O-methyl-(— )epicatechin as 
the sole products of acid hydrolysis of methylated 
leucocyanidin 1, taken with the analytical figures 
and molecular weights obtained for the leuco- 
cyanidin and its derivatives, indicate that the 
leucocyanidin 1 molecule is built up from two C,,; 
flavan units. One of the units is (—)epicatechin 
and the other a residue which yields cyanidin on 
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treatment with acid. The ease of hydrolysis of 
leucocyanidin 1 and its methyl ether in acid solu- 
tion, and the stability of the methyl ether in 
alkaline solution, indicate the possibility of an 
acetal type of linkage between the halves of the 
molecule. As the products of hydrolysis of 
methylated leucocyanidin 1 possess no free phen- 
olic groups, and the general instability of the 
molecule eliminates the possibility of C-C bond 
between the units, the linkage must be concerned 
with the alcoholic hydroxyl groups in the halves. 
Consideration of all the above-mentioned factors, 
and allowing an ether bond as a possible mode of 
linkage, there are seven possible structures for the 
molecule. Of these, four (including I) possess a 
hydroxyl group at C.,. Recent work by Gramshaw 
et al. (1958) shows that a hydroxyl group in this 
position exists largely as the keto form (i.e. as the 
dihydrochalkone) and exhibits pronounced ab- 
sorption in the carbonyl region of the infrared 
spectrum. Since methylated leucocyanidin 1 has 
no absorption in this region, structures of this type 
can be eliminated. Further, (IV) may be elimi- 
nated on the grounds that a compound of this 
structure would yield dihydroquercetin on hydro- 
lysis in dilute acid, a product which is not obtained 
from leucocyanidin 1. Decision between structures 
(II) and (III) must be made on the basis of re- 
activity of the hydroxyl groups. These groups in 
(III) are secondary and apparently not sterically 
hindered, and would therefore be expected to show 
the normal reactions of such hydroxyl groups: i.e. 


they would be readily acetylated, and easily 
OH 
0. 
HO OH 
OH 0 
0 
HO OH 
OH ‘OH 
OH OH 
(111) 
OH 
O: 
HO OH 
OH 
H OH 
OH O 
HO OH 
O 
‘OH 
(IV) 


W. G. C. FORSYTH AND J. B. ROBERTS 


1960 


cloven by periodic acid oxidation. As the hydroxyl 
groups in methylated leucocyanidin 1 undergo 
these reactions with difficulty, if at all, (II) must be 
accepted as the most likely structural formula for 
leucocyanidin 1. The lack of reactivity of the Cy) 
hydroxyl group is presumably due to steric 
hindrance by the epicatechin molecule. 

We realize that linkage of two large units by a 
semiketal band in a stable molecule is unusual. The 
main property of this class of compound is, how- 
ever, its instability. We have been unable to 
detect even a transient ketonic group on hydrolysis, 
but it is well known that the pseudo base of 
cyanidin is entirely in the enolic form. Structure 
(IIL) would be a more stable molecule and cannot 
be completely discarded. Until the absolute con- 
figuration of (—)-epicatechin is settled it is im- 
possible to determine whether the epicatechin 
group could hinder both hydroxyl groups in this 
structure. 


SUMMARY 


1. The chief products of acid hydrolysis of 
cacao leucocyanidin 1 are (—)epicatechin and 
cyanidin. When the non-phenolic octa-O-methyl 
ether of leucocyanidin 1 is used as starting material, 
3’:4’:5:7-tetra-O-methylepicatechin and 3’:4’:5;7- 
tetra-O-methyleyanidin are obtained. These facts, 
taken with the molecular weights and analytical 
figures obtained for the leucocyanidin and _ its 
derivatives, indicate that the leucocyanidin | 
molecule is built up of two C,, flavan units. 

2. Consideration of the general chemical and 
physical properties of the compound leads to two 
possible structures in which the two C,, residues 
are joined by acetal-type links between their 
alcoholic hydroxyl groups. No decision is made 
between these structures. 


The authors are indebted to Dr V. C. Farmer, Macaulay 
Institute for Soil Research, for the determination of the 
infrared spectra, and to Dr J. W. Clark-Lewis, The Uni 
versity of Adelaide, for helpful suggestions. 
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A New Colorimetric Method for the 
Estimation of Histidine and Histamine 


By P. M. NEWMAN anp J. H. TURNBULL 
Chemistry Department, University of Birmingham, Edgbaston, Birmingham, 15 


(Received 24 July 1959) 


Histidine occurs widely in nature both in the free 
and combined form. In order to study histidine in 
its various roles it is necessary therefore to have a 
sensitive and specific method for its estimation. 
The colorimetric method described initially by 
Pauly (1904) and since modified by various workers 
(Koessler & Hanke, 1919; Jorpes, 1932; Mac- 
pherson, 1942; Sanger & Tuppy, 1951), which 
depends on the reaction of histidine with an 
aromatic diazonium salt to form a red azo dye, is 
widely used but suffers from its low specificity. 
Kapeller-Adler (1933) developed a quantitative 
colorimetric method based on a reaction discovered 
by Knoop (1908), which depends on a bromination 
of histidine in acetic acid. This method, which is 
specific for histidine and closely related compounds, 
has not proved entirely satisfactory and many 
modifications have been suggested (Tsuverkalov & 
Torban, 1951; Hunter, 1952, 1955; Voigt, 1959). 
We have discovered a reaction of histidine with 
iodine and pyridine in which a violet colour is 
developed. This has led to a convenient and re- 
liable method for the estimation of histidine and 


histamine which may be used for the analysis of 


solutions containing as little as 1 yg./ml. 


EXPERIMENTAL 


Materials. u-Histidine hydrochloride monohydrate was 
obtained from British Drug Houses Ltd. and was used 
without further purification. Technical-grade pyridine was 
fractionally distilled in the presence of phosphorus pent- 
oxide until a fraction of constant boiling point (115°) was 
obtained. This was stored over solid sodium hydroxide in 
the dark. A solution of potassium tri-iodide was prepared 
by dissolving 0-075 g. of AnalaR iodine in 0-4 g. of AnalaR 
potassium iodide in 10 ml. of water. Sodium dithionite was 
AnalaR grade and a 0-02 solution was prepared. 

Method. The absorption spectra and extinctions of the 
coloured reaction mixture were determined with a Unicam 
SP. 500 spectrophotometer (Cambridge Instrument Co.). 
Introduction of small quantities of reagent to the reaction 
mixture was accomplished with the aid of an Agla micro- 
meter syringe (Burroughs Wellcome and Co.) fitted with a 
long delivery capillary. 

The method of colour production used in the experiments 
described in this paper was as follows. A solution of no 
more than 3 ml. volume containing 1-35 x 10-*uwmoles 
(1-55 yg.) of histidine was pipetted into a 5 ml. graduated 


flask. From a burette, 1-2 ml. of pyridine was added and 
the solution was adjusted to pH 11-0-12-0 with 0-2n- 
sodium hydroxide. The bulk of the solution was made up 
to approx. 4-5 ml. with water. The micrometer syringe was 
used to introduce 0-04 ml. of the potassium tri-iodide 
reagent. The flask was immediately shaken until the con- 
tents were homogeneous and the violet was allowed to 
develop at room temperature for exactly 30 sec., timing 
being commenced from the moment the reagent had been 
added. At the end of this period, further colour formation 
was checked by the addition of 0-5 ml. of 0-02.N-sodium 
dithionite and the solution was mixed until homogeneous. 
The volume was adjusted to exactly 5 ml. with water, and, 
after standing for 5 min., the solution was transferred to a 
silica spectrophotometer cell of 1 cm. cross-section. The 
extinction of the solution was measured at a wavelength of 
560 mp within 15 min. of development, against a blank 
containing all the reagents. 


RESULTS 


Factors controlling development of colour. In 
early experiments the reagent used was methyl- 
pyridinium iodide hexaiodide dissolved in pyridine, 
prepared by the method of Trowbridge & Diehl 
(1897). This compound appears to dissociate in 
pyridine solution with the formation of both Py‘ 
and I, ions, as shown from spectrographic evidence 
(Reid & Mulliken, 1954). Later experiments indi- 
cated that a solution of elementary iodine in 
pyridine was more convenient. Unfortunately 
solutions of iodine in pyridine are rather unstable 
(Zingaro, VanderWerf & Kleinberg, 1951), and 
refinement of the method led to the use of potassium 
tri-iodide in water as a stable reagent. Experiments 
with various solutions of potassium iodide and iodine 
proved that maximum colour development was 
possible if the reagent was prepared by dissolving 
0-075 g. of iodine and 0-4 g. of potassium iodide in 
10 ml. of water. Excessive quantities of iodide 
were to be avoided as this led to a diminution of 
colour intensity. This, however, and the effect of 
other anions will be discussed later. 

Erratic results were obtained when technical- 
grade pyridine was used but this was remedied by 
fractionation to a constant-boiling pyridine. The 
role of pyridine in the reaction is unknown, but its 
specificity is quite marked. Other pyridine deriva- 
tives were tried but only 2:6-lutidine produced any 
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4-Chloro-, 
a-hydroxy-, B-hydroxy-, N-oxy-pyridines, pyridine 
carbinol and nicotinamide all gave negative results. 
Colour development is also dependent on the pH 
of the reaction mixture and thus careful adjustment 
is necessary consistent results. Experiment 
proved that the maximum colour intensity was 
obtained at pH 11-0-12-0. 
stability of colour. The 
characteristic violet obtained during the reaction 


colour, and this was of low intensity. 


for 


Characteristics and 
has the absorption spectrum shown in Fig. 1. There 
is a sharp peak with a maximum absorption at 
560 my and a subsidiary shoulder at 450 mp. The 
former was used for the estimation of histidine. 
The violet pigment was observed to decompose in 
the presence of excess of iodine and as this process 
took place the main peak diminished and the 
shoulder assumed more importance. When a large 
excess of iodine was present this process was rapid, 
the development of the violet being hardly detect- 
able and the absorption of the reaction mixture 
showing no peak at 560 my. The colour of this 
solution was orange—brown. 

This phenomenon made quantitative application 
of the reaction difficult as it was often necessary to 


add fairly large excesses of iodine to solutions of 


low histidine content to obtain a calibration curve 
of useful range. This difficulty was overcome by the 
introduction of a technique whereby all excess of 
iodine was removed from the system as soon as 
development of the violet was complete. Sodium 
dithionite proved to be a suitable reagent for the 
purpose and a calculated quantity was therefore 
added to the reaction mixture 
approached its maximum intensity. An arbitrary 
time of 30 sec. was chosen as the period in which 


as the colour 
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Fig. 1. Ultraviolet-absorption spectra of the final reaction 


mixture, prepared as described in the text, containing 
25g. of histidine: (A) normal reaction mixture at 
pH 11-0-12-0; (B) reaction mixture after addition of 
excess of 0-01 N-HCl (pH 9-0-9-5). 
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the colour was allowed to develop, as this gave 
good colour intensities without appreciable inter- 
ference from the brown decomposition product. 
A further advantage of this technique was that it 
rendered the blank solution completely transparent 
at 560 my, and thus possible errors introduced 
from this source were eliminated. The dithionite, in 
addition, may protect the pigment from oxidation 
as its presence considerably increased the colour 
stability. Even with the use of dithionite, the 
colour was observed to fade slowly in the dark, 
though reliable measurements of colour intensity 


could be made within 15 min. of development of 


the colour. 

Specificity and interference. The ability to form 
the violet colour with pyridine and iodine appears 
to be confined to compounds very closely related to 
Histidine, histamine and histidine 
methyl ester are the only compounds so far in- 
vestigated which exhibit this reaction 
readily. N-Acetylhistidine, imidazole and carno- 


histidine. 
eolour 


sine (N-f-alanylhistidine) gave negative results, 
whereas histidine amide produced only a very 
faint colour, which may merely be due to hydro- 
lysis to free histidine under the alkaline conditions 
of the reaction. The following compounds gave ro 
detectable violet colour under the specified condi- 
tions: benzimidazole, tryptophan, N-acetyltrypto- 
phan, indoleacetic acid, creatinine, B-alanine, - 
phenylalanine, sarcosine, f-mercapto- 
ethylamine, ascorbic acid, 3-amino-1:2:4-triazole 
and xanthine. 

It would that the violet is 
formed only by compounds possessing the - 


tyrosine, 


appear therefore 


aminoethyl-4 (or -5)-imidazole structure, with or 
without an «-carboxylic substituent. Fig. 2 shows 


the effect of modifying the carboxyl group of 
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Fig. 2. Calibration curves for the spectrophotometric 
estimation of histidine (O), histamine (A) and histidine 
methyl ester (4). Solutions were prepared as described 
in the text and 0-04 ml. of potassium tri-iodide reagent 
was used in all cases. Extinctions were measured at 

560 mu. 





Vo 


hist 
his' 
wel 
dey 
foll 


wh 
orc 


du 


ex 


cu 


re 
ar 
in 
qu 
gc 
4( 
fe 


2( 
ag 


di 





1960 


gave 
inter- 
duct. 
hat it 
arent 
duced 
ite, in 
lation 
‘olour 
, the 
dark, 
nsity 
nt of 


form 
pears 
ed to 
idine 
ir in- 
ction 
arno- 
sults, 
very 
ydro- 
tions 
ye Po 
ondi- 
y pto- 
e, p- 
apto- 
azole 


h or 
hows 


p of 


etric 
idine 
ribed 
went 
d at 


t 


Vol. 74 


histidine. Calibration curves for the estimation of 
histidine, histamine and histidine methyl ester 
were plotted, and from these it may be seen that the 
colour intensity structure 


dependence of on 


follows the order: 

R:CO,H > RH > R°CO,*Me > R*CO:-NH.,, 
where R is (C,H,;N,)CH,*CH(NH,). A free «-amino 
group appears to be necessary for colour pro- 
duction. 


The amino 
normally interfere seriously in colorimetric estima- 


acids tryptophan and _ tyrosine 
tions of histidine. These amino acids, at concentra- 
tions approaching 30 yg./ml., themselves produced 
no detectable colour on treatment with the iodine 
pyridine reagent, but the of either 
reduced the intensity of the violet formed by 
histidine. For the microdetermination of histidine 
and histamine in protein hydrolysates and bio- 
logical materials it was necessary to remove all 
interfering substances. This conveniently 
achieved by selective absorption of histidine and 


presence 


was 


histamine from samples, by the ion-exchange-resin 
technique of Voigt (1959). Small amounts of lysine 
and arginine, which were also absorbed, did not 
interfere with the estimation. Prior removal of 
protein by ultrafiltration was found advisable, 
however. 

Heavy metals and some anions were observed to 
have pronounced effects on colour production. The 
heavy metals such as copper, zinc and iron prob- 
ably reduced the availability of free histidine by 
complex formation (Martell & Calvin, 1952). 
Copper, in addition, reacts with pyridine, pro- 
ducing a blue complex which makes estimation of 
the violet difficult. The influence of various anions 
is summarized in Fig. 3, which indicates that 
strong nucleophilic anions, e.g. SCN , are most 
effective in reducing colour intensity. In the 
experiments relating to Fig. 3, 0:05 ml. of 0-2N- 
sodium hydroxide was used for pH adjustment in 
all cases. It must be borne in mind therefore that 
the true effect of some of these anions may be 
complicated by slight pH differences. 

Calibration and reproducibility. 
curves for the determination of histidine 
various quantities of the potassium tri-iodide 
reagent are shown in Fig. 4. It was observed that 
an increase in the quantity of reagent increased the 
intensity of colour produced. The optimum 
quantity was found to be 0:04ml., as this gave 
good intensities in the range 1-60yg. (1:5 
40 x 10-* nmoles) of histidine with minimum inter- 
ference from the brown decomposition product. It 
is recommended, however, that over the range 
20-40 x 10-2 umoles of histidine, 0-05 ml. of re- 
agent should be used for greater accuracy. Histi- 
dine and histamine may therefore be detected in 


Calibration 
with 
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solutions containing as little as lyg./ml. and 
determinations may be made with solutions con- 
taining more than 2 yg./ml. Reproducibility under 
these conditions was good, extinction measure- 
ments being consistent within 3%. Following the 
standard practice of duplicate determination on a 
given solution, we were able to determine the 
histidine content within 5%. 








J 
0 01 02 03 04 05 06 07 08 09 10 
Added anion (ml.) 


Fig. 3. Effect of various anions on the intensity of colour 
produced by 30 yg. of histidine. Solutions were prepared 
by the standard method except that the stipulated 
quantity of anion solution was added immediately before 
the addition of pyridine. O, 0-1m-Sodium citrate; 
\,'0-1 M-sodium acetate ; @, 0-1 M-sodium iodide; ™, 0-1 M- 
azide; [), 0-1 M-potassium thiocyanate. 


08 
07 
06 
05 
04 
03 
02 
01 


a 
0 10 20 30 40 50 60 70 80 


Histidine (yg.) 


Fig. 4. Calibration curves for the spectrophotometric 
estimation of histidine with quantities of 
potassium tri-iodide reagent. The solutions were pre- 
pared as described in the text. Extinctions were 
measured at 560mp; O, with 0-05 ml. of reagent; 
@. with 0-04 ml. of reagent; [), with 0-03 ml. of reagent; 
B, with 0-02 ml. of reagent. 


various 
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DISCUSSION 


The nature of the violet pigment formed during the 
reaction is not known. Attempts to isolate the 
pigment by chromatography and solvent extrac- 
tion were unsuccessful. It was observed, however, 
that on addition of mineral acid the violet reaction 
mixture became orange and this process was 
reversible. This colour change occurred at pH 9-5— 
10-1, which may be taken to indicate that the 
violet product is anionic in nature, possibly in- 
volving a keto—enol system. 

The foregoing method was developed with the 
object of estimating combined histidine in the 
intact protein molecule. With this in view, the 
proteins chymotrypsin, trypsin, lysozyme, globin, 
ribonuclease and glucagon were tested, but no 
colours were obtained. It is particularly surprising 
that glucagon yielded negative results, as this pro- 
tein possesses, in its N-terminal histidine (Bromer, 
Sinn, Staub & Behrens, 1956), the structural 
features apparently requisite for colour production. 


SUMMARY 


1. A new colorimetric method for the determi- 
nation of histidine and histamine is described. The 
method is of use for solutions containing 1—60 pg./ 
ml. 

2. The colour reaction is specific for histidine 
and closely related compounds, namely, histamine 
and histidine methyl ester. Imidazole does not 
react and histidine amide gives only a very faint 
colour. 
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3. Tryptophan and tyrosine do not form colours 
under the conditions of the reaction but interfere 


with histidine colour formation. The interference of 


some heavy metals and anions is discussed. 


The authors would like to express their thanks to Dr | 
O. K. Behrens for a gift of glucagon. Thanks are also due to | 


Dr C. R. Ricketts, of Birmingham Accident Hospital, for 
gifts of sera and for helpful discussion. 
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The chromatographic and electrophoretic analysis 
of the substances having vitamin B,,-like activity 
produced by a strain of Nocardia rugosa (Di Marco 
& Spalla, 1957), and by some mutant strains, 
indicated the presence of vitamin B,,. factor B, 
and two unknown factors (Di Marco, Alberti, 
Boretti, Ghione, Migliacci & Spalla, 1957). These 
two last substances, which we named factors 1 
and 2, show a growth-promoting activity only for 
Escherichia coli 113/3 among the vitamih B,p- 
requiring micro-organisms tested, and are charac- 


terized by slow mobility in butanol—acetic acid- 








water (R, values/R, of vitamin B,., 0-12 and 0:3 


respectively) (Fig. 1). Factor 1 is electronegative 
at pH values of 2-7 (Fig. 1) and 6-5. The similarity 
of the chromatographic and electrophoretic be- 
haviour of these substances to that of factors C, and 
C, described by Ford & Porter (1952), Ford, 
Holdsworth & Kon (1955) and Dellweg, Becher 
& Bernhauer (1956a) prompted us to attempt 
the isolation and identification of our factors 1 
and 2. 
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Fig. la. Vitamin B,,-like factors in Nocardia rugosa 
extracts (N) (mutant strain accumulating factors 1,‘ 2 
and B, culture 4 days old). Paper chromatography in 
sec.-butanol—acetic acid—water, electrophoresis in 0-5N- 
acetic acid, bioautography with Z. coli 113/3. Markers: 
vitamin B,, and factor B (5-20 umg.). 


Fig. 1b. Paper electrophoresis of a purified preparation 
containing factors 1 and 2. I, Without deamination; 
II, after deamination. Electrophoresis and bioautography 
are as in Fig. la. 
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Part of the results described in this paper have 
been reported elsewhere (Barchielli, Boretti, 
Julita, Migliacci & Minghetti, 1957; Di Marco, 
Boretti, Migliacci, Julita, Minghetti, 1957). 


METHODS 


Organisms. The micro-organisms mentioned in the present 
paper are (1) a strain isolated in our laboratory, designated 
Nocardia rugosa, (2) some mutant strains obtained by 
irradiation. The characteristics of the species, which are 
summarized here, are given in detail by Di Marco & Spalla 
(1957). The mycelium is formed by short hyphae 0-6- 
0-8 » in diameter, which radiate from a centre and break up 
into rods within 30-36 hr. They are Gram-positive and not 
acid-fast. Good growth is observed after 24-48 hr. incuba- 
tion at 37° in the usual solid culture media. Growth is 
colourless, dense and wrinkled. Milk coagulation and 
gelatin liquefaction are observed. Starch is not hydrolysed. 
Acids are produced from glucose, D-galactose, D-xylose, 
rhamnose, L-arabinose, glycerol, D-mannitol and adonitol; 
nitrates are not reduced. 

A culture of the parent strain has been deposited in the 
National Collection of Industrial Bacteria, England (no. 
8926). The mutant strains were obtained by ultraviolet 
irradiation. The surviving cells were isolated and cultured 
under the conditions and in the medium described below. 
The mutants were characterized by their ability to accumu- 
late factors 1, 2 and B, whereas in cultures of the parent 
strain vitamin B,, predominated. 

Growth conditions. Stock cultures were kept on nutrient 
agar and transferred to liquid medium composed of malt 
extract (Difco) 40 g., corn steep (Fragda) 5 g., (NH,).SO, 
5 g., glucose 40 g., N-Z-amine (Sheffield, type E) 15g., 
NaCl 10 g., CaCO, 5 g., CoCl, 10 mg., Tween 80 1 ml. and 
tap water to 1]. Fermentations were carried out at 34° in 
500 ml. stirred flasks containing 100 ml. of medium or, for 
extraction purposes, in an 8001. fermentation vessel con- 
taining 500 1. of medium. The highest production of factors 
is generally obtained after 120-140 hr. 

Assay of vitamin B,,-like factors. The cultures were 
examined for the production of vitamin B,, and vitamin 
B,,-like substances. For this purpose assays with £. coli 
113/3 and Lactobacillus leichmannii 7830 were performed in 
liquid media (Davis & Mingioli, 1950, 1955). The difference 
between the two titres gives an approximate estimation of 
the amounts of factors 1, 2 and B present in the culture, as 
these substances are active as growth factors only for 
E. coli 113/3 (Ghione & Sanfilippo, 1959), whereas L. leich- 
mannii responds only to vitamin B,,. For example; a 
culture (120 hr.) of a mutant strain had a growth-promoting 
activity for E. coli (liquid assay) equivalent to 2-86 yg. of 
vitamin B,,/ml. The assay on L. leichmannii 7830 showed a 
‘true vitamin B,,’ content of 1-6ug./ml.; therefore the 
culture contained an amount of factors 1, 2 and B having an 
activity on E. coli equivalent to 1-26 yg. of vitamin B,,/ml. 

The relative amounts of factors 1, 2 and B may also be 
roughly evaluated by paper chromatography, followed by 
bioautography (Winsten & Eigen, 1950) with Z. coli 113/3. 


Extraction and isolation 


Fermentation broth (500 1.) of V. rugosa (mutant strain 
producing vitamin B,,, factors 1, 2 and B) was supple- 
mented with NaCN (0-5 g./100 ml.) and autoclaved for 
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30 min. at 120°. After cooling, the broth was treated with 
20 g. of Hyflo-Supercel (Johns-Manville & Co.)/l., neutral- 
ized to pH 7-7-5 and filtered. The vitamin B,,-like factors 
were adsorbed on charcoal and eluted with propan-2-ol, 
according to the technique of Dellweg ef. al. (1956a). The 
eluate, concentrated to 6 1., was supplemented with NaCN 
up to a concentration of 1%. After 4-5 hr. it was saturated 
with Na,SO, and adjusted to pH 11. The bulk of vitamin 
B,. was removed by several extractions with benzyl 
alcohol. The aqueous phase was separated from the al- 
coholic extracts by centrifuging. During this operation 
some impurities were precipitated, adsorbing most of 
factors 1 and 2 and small amounts of vitamin B,, and 
factor B. This amorphous precipitate, adhering to the 
centrifuge bowl, was collected and dissolved into 61. of 
water; the solution was adjusted to pH 3 with H,SO, and 
passed through an Amberlite IRC-50 (H*) column (75 mm. 
inside diameter, 1 m. high) containing 2 1. of resin. The red 


compounds were then eluted by N-NaOH containing 1 % of 


NaCN. The eluate was extracted with benzyl alcohol as 
described above. The red precipitate again obtained during 
extraction, containing about 200 mg. of vitamin B,,-like 
substances (factors 1 and 2, traces of vitamin B,, and 
factor B), was dissolved in 6 1. of water. 

The solution, adjusted to pH 6, was passed through 
column (inside diameter 15-20 mm., 50cm. 
Dowex 1x2 (CI) resin. Factor 1 was selectively adsorbed, 
and eluted with 5 mn-HCl. The effluent fractions having 
E76 ny! L3¢7 my, between 0-9 and 0-7 were collected, adjusted 
to pH 5-5 and evaporated in vacuo (40°, 12 mm.) to give a 
concentration of vitamin B,,-like substances of 1-5 mg./ml. 
The red substances were extracted with phenol (4 vol.) 
and precipitated by acetone (about 5 vol.). The vacuum- 
dried (20°, 12mm.) precipitate amounted to 150 mg., 
having a content of total vitamin B,,-like factors of about 
60% (w/w), as judged colorimetrically. This precipitate 
was purified by cellulose-column electrophoresis in 0-5N- 
acetic acid according to the method of Dellweg, Becher & 
Bernhauer (19566). The eluted solution of the electro- 
negative red substance was evaporated under reduced 
pressure (40°, 12 mm.) and added to 5-10 vol. of acetone. 
The purity of the red precipitate, dried in vacuo, was about 


7 99) 0/ 
75-80 %, 









measured as before. 


Analysis 


Guanine. This was usually determined in factor 1 by the 
colorimetric method of Hitchings (1941), after hydrolysis. 
The results were checked by the following spectrophoto- 
metric method: after removal of the red pigment a fraction 
of the acid hydrolysate of factor 1 was diluted to 5 ml. with 
water, then divided into two fractions, one in N-HCl and the 
other in N-NaOH. E,,; ,,., was determined in both solutions 
and the guanine content was calculated by comparing the 
difference between the two values and the data obtained 
from standard solutions of guanine [F975 1, (NaOH) — Bo7s my, 
(HCl) = 0-017/yug. of guanine/ml.]. The results obtained by 
the two methods were in good agreement. 

Ribose. Ribose was determined by the orcinol reaction of 
Mejbaum (1939). 

Phosphorus. Total phosphorus was determined by the 
method of Macheboeuf & Delsal (1943); inorganic phos- 
phate was determined by the method of Fiske & Subbarow 
(1925). 

Cobalt. Cobalt was determined according to the method 
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described by the Istituto Superiore di Sanita (1953) for the 
determination of cobalt in vitamin B,,. 

Vitamin B,,-like factors. Colorimetric determination of 
vitamin B,,-like substances was carried out by measuring 
E5g0 my, Of the solution in 0-067mM-Na,HPO, containing 
100 pg. of NaCN/ml. The extinction coefficient of vitamin 
B,, (Friedrich & Bernhauer, 1957 a) was used for calculating 
concentrations. 

Phosphomonoesterase. This enzyme was prepared from 
bone according to Gulland & Jackson (1938) (cited by 
Volkin, 1955). 

Paper chromatography and electrophoresis of the vitamin 
B,,-like substances. These were carried out as described by 
Di Marco, Boretti, Ghione, Migliacci & Sanfilippo (1957). 


Detection of guanine in acid hydrolysate of factor | 


About 2 mg. of the preparations containing factors | and 
2 was dissolved in 2N-HCl and hydrolysed in a sealed tube 
for 4hr. at 110°. After removal of the red pigments by 
extraction with butanol, the aqueous solution was concen- 
trated and divided into two parts, one of which was de- 
aminated with HNO,. Paper chromatography performed 
with two different solvents {butanol-formic acid—water. 
77:10:13 (v/v); water adjusted to pH 10 with aq. NH,| 
showed that the hydrolysate contained one u.v.-absorbing 
substance having in each solvent the same R, as guanine 
(0-20 and 0-42 respectively). The deaminated hydrolysate 
contained one u.v.-absorbing compound having the same 
Ry, as xanthine (about 0-6) in water adjusted to pH 10 
Determination of the absorption spectra of the spots 
eluted in 0-1 N-HCl confirmed the identity of the substances 
with guanine and xanthine respectively. 


Enzymic hydrolysis of factor \ 

The enzymic hydrolysis of factor 1 was performed by 
incubation with a crude preparation of Vipera aspis venom 
(Istituto Sieroterapico Milanese) for 3 hr. at 37° at pH 7-6. 
Preliminary assays had shown that this preparation of 
viper venom had pyrophosphatase and 5’-nucleotidase 
activity, but only a slight 3’-nucleotidase activity. After 
incubation the red pigment was removed by extraction 
with phenol, precipitated with acetone (6-10 vol.), dried 
and analysed. The aqueous phase was passed through a 
column of Dowex 1x8 (CI) resin (0-8 cm. diameter, 3 cm. 
high) to remove traces of phenol. The filtrate and washings 
of the column contained a substance having the u.v. spectrum 
of guanosine (Fig. 35). A total of 3-1 uzmoles of guanosine (as 
determined by spectrophotometry) was obtained from 
5-5 wmoles of factor 1. 


RESULTS 


Identification of factor 1 with guanosine 
diphosphate factor B 


From preliminary examination of the constituents 
of factors 1 and 2 after separation by electrophoresis 
on paper, it became clear that factor 1 contained 
guanine while factor 2 did not; in fact, by treat- 
ment with nitrous acid, which converts guanine 
into xanthine, factor 1 is transformed into a more 
electronegative growth factor while factor 2 is 
unchanged (Barchielli et al. 1957, confirmed in the 
present paper, see Fig. 1b). Hence it was possible 
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Table 1. Analyses of three preparations 
containing mostly factor 1 


The values for factor B (determined spectrophotometric- 
ally) relate to the combined factor B moiety; there was no 
free factor B in the preparations. + denotes ‘not deter- 


mined’. 

Preparation... _ l 2 3 
Factor B (umoles/mg.) 0-55 0-58 0-55 
Factor 1 (%) 4 74 80 
Factor 1 (% of factors 1 + 2) + 87 95 
Phosphorus (%) 3-14 3-49 3°57 
Ribose (%) 7-59 7-65 7-33 
Cobalt (%) 2-88 3-27 + 
Guanine (%) t 7°65 8-25 


From these values the following molar ratios per residue 
of factor B were calculated. 


Phosphate 1-83 1-94 2-09 

Ribose 0-93 0-87 0-89 

Cobalt 0-89 0-96 + 

Guanine + 0-87 0-95 
15 


m 


05 





240 280 320 366 400 440 480 520 560 600 
Wavelength (my) 
Fig. 2. Absorption spectra of factor 1: - - - -, in aqueous 
solutions, without KCN, pH 1-10; » in 0-067m- 
Na,HPO, containing 0-01 % of KCN. 








(a) — (b) 


10-4e 





230 250 270 290 230 250 270 290 
Wavelength (my) 


Fig. 3. (a) Absorption spectra of 9-methylguanine (—) and 
of 7-methylguanine (----) (Gulland & Story, 1938). 
(6) Absorption spectrum of guanosine liberated from 
factor 1 by Vipera venom. 
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to calculate the exact amount of factor 1 in the 
preparations from the guanine content. These 
values are shown in Table 1, together with the 
detailed analyses carried out on individual pre- 
parations. 

It may be inferred from the data of Table 1 that 
factor 1, the main component of our preparations, 
contains 2 atoms of phosphorus, one molecule of 
ribose and one of guanine per atom of cobalt. 

The absorption spectrum showed that the sub- 
stances contained in our preparations belong to the 
incomplete vitamin B,,-like factors according to the 
nomenclature of Friedrich & Bernhauer (1957a). 
Their aqueous solutions have the absorption 
spectrum of aquo-complexes: on addition of 
cyanide the maxima are shifted from 500 and 
530 mp to 540 and 580 my, as in dicyano-com- 
plexes; maxima at 520 and 550 my» characteristic 
of monocyano-complexes were never observed 
(Fig. 2). 

Incubation with Vipera aspis venom resulted in 
the release of guanine riboside, the absorption 
spectrum of which is very similar to that of 9- 
substituted derivatives of guanine (Fig. 3). 

From these findings we conclude that factor 1 
differs from the purine-containing analogues of 
vitamin B,., since (a) it contains 2 atoms of 
phosphorus/mol., (b) it does not exist in a form 
comparable with the monocyano-complexes of the 
analogues of vitamin B,., and (c) the ribose is 
linked to the purine at N-9 instead of N-7. 

Attempts were made to establish the position of 
the two phosphate groups. Hydrolysis of factor 1 
by Vipera venom yielded a red substance, isolated 
and identified as a monophosphoric acid ester of 
factor B, and which behaved like factor 2 on paper 
chromatography. This showed that one of the 
phosphate groups of factor | is linked to the 
factor B moiety. 

Supposing that ribose is present in the furanos- 
ide form, as it is in natural ribonucleotides and in 
other vitamin B,,-like substances (Kon & Pawel- 
kiewiez, 1958; Friedrich & Bernhauer, 1956, 
1957b), we could assume that the formula of 
factor 1 corresponded to one of the structures (1), 
(II), or (IT). 

Structure (I) was excluded because no acid- 
labile phosphate is split by heating the substance 
in N-H,SO, at 100° for 7 min. Structure (II) was 
also excluded since phosphomonoesterase does not 
liberate inorganic phosphate from the compound. 
Dische’s carbazole reaction (Dische & Landsberg, 
1957) proved that ribose is esterified at C-5; thus 
two of the alternatives of (III) were ruled out. 

We propose, therefore, the alternative of struc- 
ture (IIT), involving guanosine 5’-phosphate, as the 
most likely formula of factor 1. Thus its dicyano- 
complex would be represented by (IV). 

Bioch. 1960, 74 
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B—O—PO.-ribose-guanine (phosphate linked to C-5, C-2 or C-3 of ribose) 
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Fig. 4. Paper chromatography of extracts obtained from 
Nocardia rugosa, cultures 4 days old. I, Strain-accumu- 
lating factors 1, 2 and B; Ia, the same, grown in medium 
with addition of 100 yg. of 5:6-dimethylbenziminazole/ 
ml.; II, strain-accumulating factor B; Ila, the same, 
grown in medium with addition of 100 yg. of 5:6-di- 
methylbenziminazole/ml. 


Comparison was made between guanosine di- 
phosphate factor B (factor 1), from N. rugosa, and 
factors of unknown structure from other sources, by 
chromatographic and electrophoretic techniques. 


E. Lester Smith & E. 8. Holdsworth (personal 
communication) found that our factor 1 was in- 
distinguishable from factor C obtained from E. coli. 
J. Pawelkiewicz (personal communication) ob- 
served that factor 1 is very similar to factor y' 
isolated from Propionibacterium shermanii (Pawel- 
kiewicz, 1956). 


Biological significance of guanosine 
diphosphate factor B 


Both guanosine diphosphate factor B (factor 1) 
and factor 2, which is probably phosphorylated 


factor B, are found in cultures of the parent strain | 
of N. rugosa in the early stages of growth (24-48 hr.) | 


and disappear later, while more vitamin B,, is 
formed (Di Marco, Alberti, Boretti, Ghione, 
Migliacci & Spalla, 1957). On the other hand, the 
cultures of the mutant strain, which has been used 
for the isolation of factors 1 and 2, contain the 
factors 1, 2 and B, besides vitamin B,., even after 
120 hr. fermentation. On addition of 5:6-dimethyl- 
benziminazole (100,g./ml.) at the beginning of 


growth, only vitamin B,,, with sometimes traces of } 


the other factors, is formed [Fig. 4 (I) and (Ia)]. 


Other unreported experiments showed that if | 
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dimethylbenziminazole is added to the cultures 
when factors 1 and 2 have already accumulated 
(for example after 90hr. fermentation) these 
disappear rapidly and the vitamin B,, content in- 
creases. Another mutant of N. rugosa which 
synthesizes a considerable amount of factor B, 
traces of factor 1 and 2, and small amounts of 
vitamin B,,, has recently been isolated in our own 
laboratory (C. Spalla & G. Biffi, unpublished work). 
The addition of dimethylbenziminazole to cultures 
of this strain does not increase the formation of 
vitamin B,,, and factor B unutilized 


(Fig. 4). 


remains 


DISCUSSION 


The findings support the hypothesis that factors J 
and 2 are intermediates in the transformation of 
factor B into vitamin B,. and that their presence 
results from a deficiency in the biosynthesis of 
dimethylbenziminazole. This view is strengthened 
by the likely identity of factor 1 with Pawelkiewicz’s 
factor y! and Ford’s factor C, and is in agreement 
with the opinion of Dellweg et al. (1956a) on the 
biological significance of factor C, and with some 
observations of Ghione & Sanfilippo (1959) on the 
utilization of factor 1 by EF. coli. 

It may be recalled that a coenzymic role has been 
recently ascribed to the nucleotides of guanine in 
some reactions. Munch-Petersen (1955) described 
the following pyrophosphorolytic reaction: guano- 
sine diphosphomannose + pyrophosphate — guano- 
sine triphosphate+mannose phosphate. In a 
similar way the phosphorolysis of guanosine di- 
phosphate factor B could lead to the formation of 
phosphorylated factor B, which might be the im- 
mediate precursor of vitamin B,,. It is probable 
that our factor 2 is such a phosphorylated factor B. 

The reaction cytidine diphosphate choline + di- 
glyceride — lecithin+cytidylic acid (Kennedy, 
1957) suggests that guanosine diphosphate factor B 
may play the role of intermediate in the following 
reactions: factor B-+adenosine triphosphate > 
phosphorylated factor B; phosphorylated factor 
B+guanosine triphosphate - pyrophosphate + 
guanosine diphosphate factor B; guanosine diphos- 
phate factor B+dimethylbenzoglyoxaline ribo- 
side > vitamin B,.+ guanylic acid. 


SUMMARY 


1. A substance of the vitamin B,, group, identi- 
fied as guanosine diphosphate factor B, has been 
isolated from cultures of a strain of Nocardia 
rugosa. 

2. Evidence is submitted which indicates that 
this substance (factor 1) is a guanosine 5’-pyrophos- 
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phoric ester of factor B, in which ribose is linked to 
N-9 of guanine. 

3. The significance of this compound as a 
possible intermediate in the biosynthesis of vitamin 
By, is discussed. 
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The Achilles tendon is built up mainly of collagen 
and it contains minute amounts of ground sub- 
stances and cell materials. Opinions about its 
content of polysaccharides vary considerably. The 
ground substance of connective tissue is rich in acid 
mucopolysaccharides and Meyer (1957) has isolated 
the chondroitin sulphates from Achilles tendon. 
Besides the acid mucopolysaccharides the presence 
of other mucopolysaccharides has been suggested. 
First Grassmann & Schleich (1935) showed that 
collagen isolated from the skin and from Achilles 
tendon contains 0-5-0-7% of polysaccharides. 
Consden (1953) and Consden, Glynn & Stanier 
(1953), using a combination of paper electro- 
phoresis and paper chromatography, have shown 
that the connective tissues contain polysaccharides 
which after acid hydrolysis yield glucose, mannose, 
galactose and glucosamine. Bowes, Elliott & Moss 
(1955), and especially Moss (1955), are of the 
opinion that the negligible amount of hexosamine 
and the very small amount of hexose found in 
collagen may be impurities. 

With the aid of the enzyme collagenmucoprotein- 
ase isolated from the pancreas (Banga & Bald, 
1956) the present authors succeeded in showing the 
existence of a protein fraction, collagenmuco- 
protein, (mucoid,), the polysaccharide component 
of which, it was suggested, was not identical with 
the acid polysaccharides (Banga, 1958). It was 
thought that this substance might be responsible 
for the periodic acid Schiff reaction given by con- 
nective tissue. Mucoid, is one of the important 
constituents of collagen fibre (Banga, 1958). It also 
takes part in the chemical contraction relaxation 
phenomenon of collagen (Balé, Szab6 & Banga, 
unpublished work). In the present paper the isola- 
tion and analysis of mucoid, are described. 


EXPERIMENTAL 


Collagenmucoproteinase. The enzyme (E580308) was pre- 
pared from a purified elastase preparation which had been 
obtained by zeolite adsorption (Bagdy & Banga, 1958). We 
isolated the specific collagenmucoproteinase by dissolving 
the above substance in 0-01 M-sodium acetate buffer at pH 5 
to give a 2-4% protein concentration. Ethanol cooled to 
— 2° was added to the solution (also at — 2°) with constant 


stirring until its concentration reached 30% (v/v). After 
standing for 24-36 hr. at —2° the precipitate was centri- 
fuged and discarded. Ethanol was added to the supernatant 
solution to 80% (v/v) concentration and the precipitate, 
after standing overnight at -— 2°, was centrifuged, washed 
with absolute ethanol and dried in a vacuum desiccator. 

Dissolution of mucoid, from Achilles tendon by the aid of 
collagenmucoproteinase. Finely ground acetone-dried bovine 
Achilles tendon of young (2-3 years old) animals was the 
starting material for our experiments. We dissolved 
mucoid, from Achilles tendon by incubation at 37° for 
15 min. with an enzyme : substrate ratio of 1 : 1000. The 
anthrone-positive carbohydrate content calculated by 
means of a standard curve, made by using a mixture of 
equal quantities of glucose, galactose and mannose, gave an 
average of 18%. On the basis of the results shown in 
Table 1 the first extract contained 16 g. of protein when the 
starting material of Achilles tendon was 100g. We con- 
cluded from these that Achilles tendon contains about 16% 
of mucoid,. 

Isolation of mucoid, 
Preparation of the first extract. Achilles tendon (50 g.) was 


suspended in 450 ml. of 0-025 m-barbiturate—acetate buffer 
at pH 7-4 (made by mixing 72 ml. of 0-1 M-sodium barbitur- 


oe 


~ 


' 


‘ 


a 


ate, 28 ml. of 0-1 M-HCl, 100 ml. of 0-1 M-sodium acetate and | 


diluting with water to 400 ml.) and preheated at 37° for 
15 min. CMP-ase (50 mg.) was dissolved in 50 ml. of the 
above buffer and after pre-incubation at 37° was added to 
the Achilles-tendon suspension and incubation continued at 
37° for 15 min. After cooling, the tube was centrifuged and 
the supernatant filtered through paper. A control tube 
without enzyme was treated in the same way. The protein 
and polysaccharide contents were estimated on the super- 
natant fluid. 

Precipitate with acetone (fraction 1). All procedures were 


carried out at 0°. This step is necessary only for concentrat- | 


ing the substance and does not bring about any considerable | 


f 


purification. The first extract was mixed with 2-5 times its | 


volume of acetone and the precipitate removed by centri- 
fuging after 2hr. The precipitate contains the mucoid, 
which was dissolved in 50 ml. of water. 

Purification by trichloroacetic acid (fraction 2). To the 
solution of fraction 1 an equal volume of 50% (w/v) tri- 
chloroacetic acid at 0° was added. After 2 hr. the yellow oil 
was separated by centrifuging. The mucoid, remained in the 
scpernatant from which it was precipitated by 2-5 vol. of 
acetone. The oily precipitate after washing with acetone 
was dissoived usually in 50 ml. of water, but for electro- 
phoretic and chromatographic study it was dissolved in 
10 ml. To dissolve the precipitate it was necessary to 
neutralize it with a few drops of n-NaOH. 
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Purification through IRC-50 resin ( fraction 3). The above 
solution brought to pH 5-5 was diluted with twice its 
volume of water. To 50 ml. 20 g. of Amberlite resin IRC-50, 
previously converted into the hydrogen form by treatment 
with HCl and washed free of acid with water, was added. 
After 2 hr. shaking the solution was filtered. The treatment 
with IRC resin was repeated, but usually it caused only a 
loss without any further purification. The solution con- 
taining the purified mucoid, was stored in the frozen state. 


Chemical analysis 


Carbohydrate determination. During the whole isolation 
procedure polysaccharide was determined by the modified 
anthrone colorimetric method (Scott & Melvin, 1953) with- 
out hydrolysis. The same result was obtained by the Molisch 
reaction modified by Dr I. Szara (unpublished work). This 
reaction was used by Bagdy & Szara (1955) for the deter- 
mination of the polysaccharide of fibrinogen and by Banga 
& Bal6 (1956) by studying the effect of elastomucoproteinase 
and collagenmucoproteinase. As reagent the water-soluble 
potassium 1-naphthol-2-sulphonate was used. To prepare 
the reagent 20g. of recrystallized «-naphthol was mixed 
with 14 ml. of cone. H,SO, (sp.gr. 1-84) and heated for 1 hr. 
in a water bath at 60—70°. After cooling, the solution was 
diluted with 60-80 ml. of water. From the solution «-naphthol 
was extracted with 100 ml. of benzene until the solution 
was colourless. The water phase was salted out with equal 
volumes of saturated KCl. After filtration with suction the 
precipitate was dissolved in hot water and decolorized with 
animal charcoal (Merck) and, after cooling, the salting-out 
with saturated KCl was repeated. The final product was 
washed with cold water, dried in air and kept in a desic- 
cator. 

Procedure for determination of hexoses with the Molisch— 
Szdra reaction. 1 ml. of solution containing 20-200 yg. of 
hexose was mixed in a glass-stoppered tube with 1 ml. of 3% 
(w/v) solution of potassium 1-naphthol-2-sulphonate. To 
the mixture 8 ml. of 87% H,SO, was added with cooling, 
and the tube was stoppered and mixed. After this the tubes 
were heated for 30 min. in a water bath at 100°. After cool- 
ing they were read against the blank at 570 my in a Pulfrich 
photometer and the amount of hexose calculated from a 
standard curve obtained by using equal quantities of 
glucose, galactose and mannose. The colour given by the 
range 20-200 yg. of carbohydrate obeys the Lambert—Beer 
law and is stable for 24 hr. 

Hexuronic acid determination with carbazole and sulphuric 
acid. This reaction was carried out by two different pro- 
cedures. In the first the hexuronic acid was broken down 
by heating at 100° in 87% H,SO, before the addition of 
carbazole (Dische, 1947). In the other procedure heating is 
carried out for a shorter time at 60° in 83% H,SO, (Dische, 
1950). According to Dische (1955) two groups of the poly- 
uronides can be distinguished by their very different 
behaviour. In one group are the so-called mucopoly- 
saccharides, in which the hexuronic acid is combined with 
hexosamine. For these polyuronides the extinction co- 
efficient is higher than for the corresponding hexuronic acids. 
In the second group of polyuronides are compounds such as 
the pectic and alginic acids, which do not produce any sig- 
nificant colour in this modification of the carbazole reaction, 

In the present work hexuronic acid was determined by 
the first method of Dische (1947) and calculated by means 
of a standard curve obtained with glucuronic acid. 
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Hexosamine. The protein was hydrolysed with 2 n-HCI for 
16 hr. in a sealed tube at 110°. The method of Elson & 
Morgan (1935) modified by Blix (1948) was used. The 
standard curve was made with glucosamine—HCl before 
and after hydrolysis for the same times as those in the 
experiments. The curve obtained with glucosamine sub- 
jected to hydrolysis was used for calculation of hexosamine. 
We confirmed the results of Ogston & Stanier (1950), that 
by heating glucosamine in hydrochloric acid a decrease of 
nearly 10-15 % of the values can be observed. 

Protein determination. The protein contents of the frac- 
tions during isolation were estimated by the Folin phenol 
method (Lowry, Rosebrough, Farr & Randall, 1951) and 
micro-Kjeldahl determinations on one fraction used to 
obtain a standard curve. 

Hydroxyproline. After hydrolysis with 6N-HCI for 16 hr. 
at 110° the method described by Neumann & Logan (1950) 
was used. 

Paper chromatography. This technique was employed for 
the separation of amino acids and carbohydrates. Amino 
acids were developed with isatin or ninhydrin and carbo- 
hydrates with aniline hydrogen phthalate (Block, Durrum 
& Zweig, 1956). 

Paper electrophoresis. Six strips of paper 4 cm. long were 
used with a buffer, J 0-015 (Holt, Voigt & Gaede, 1952). 
A potential difference of 300 v was applied for 1-5 hr. After 
drying, the strips were stained either with acid fuchsin for 
protein or with toluidine blue (Dyrbye, Kirk & Wang, 1958) 
and periodic acid Schiff (Kéiw & Grénwall, 1952) for carbo- 
hydrate. To determine the composition of the metachro- 
matic band four paper strips out of six were cut and eluted 
with water, and the elute was analysed for protein, carbo- 
hydrate, uronic acid and hexosamine. In this case hexos- 
amine could not be determined by the method of Blix (1948) 
and therefore the method of Kirk & Dyrbye (1957) and 
Kirk, Wang & Dyrbye (1958) was used. 


RESULTS 


Table 1 summarizes the yield and the degrees of 
purification of the fractions during isolation. 
Although 99-5 % of the protein was lost during the 
isolation, only 81-3% of the carbohydrate com- 
ponent was lost. This shows that the initial mucoid, 
extract may contain, besides the protein bound to 
carbohydrate, another protein. If we follow the 
hydroxyproline content of the fractions (Table 2) 
it will be found that to the IRC treatment stage 
approx. 10% was present, but that after three 
treatments with IRC it entirely disappeared. Dur- 
ing this procedure 90% of the protein content of 
fraction 2 was lost. Therefore the disappearance of 
hydroxyproline may correspond to the decrease in 
total protein. On examining the amino acid content 
of both fractions (i.e. fractions 2 and 3) by paper 
partition chromatography one finds 12-15 amino 
acid spots in each, with the difference that fraction 3 
does not contain hydroxyproline. 

Table 3 gives the contents of anthrone-positive 
substances, hexosamine and hexuronic acid (Dische, 
1947) in each fraction during isolation. The quantity 
of anthrone-positive substance could be determined 
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Table 1. Yield of mucoid, from Achilles tendon during the process of isolation 
The average of 20 experiments, each with 100 g. of tendon, is given. 
Yield Loss 
C ———— —*-—- I, ( ane A acerummeans \ 100 x 
Protein Carbohydrate Protein Carbohydrate | Carbohydrate/ 

Fraction (g-) (mg.) (g.) (mg.) protein 
First extract 16 300 — - 1-8 
Fraction 1 8 200 8 100 2-5 
Fraction 2 0-4 100 7-6 100 25-0 | 
Fraction 3 0-08 50 0-32 50 62-50 
Total loss 15-92 250 \ 
Total loss (%) 99-50 81:3 


Table 2. 


Hydroxyproline contents of fractions during the isolation of mucoid, 


The figures in parentheses indicate the number of experiments from which the average result 
is stated + standard deviation. 


Fraction 
First extract 
Fraction 1 
Fraction 2 
Fraction 3 (first treatment) 
Fraction 3 (third treatment) 


100 x Hydroxyproline/protein 


9-75-40-3 (6) 
9-90 +-0°3 (6) 
10-0 +0-2 (6) 
5:5 —6-0 (6) 
0-0 —1-0 (6) 


Table 3. Content of different carbohydrates in the fractions during the isolation of mucoid, 


The weights are expressed as g./100 g. of protein. For explanation of parentheses see Table 1. 


Fraction Carbohydrate 
1-8-4 0-25 (20) 
2-5+0-4 (20) 

25-0 + 10 (20) 

70-0 +10 (10) 


First extract 
Fraction 1] 
Fraction 2 
Fraction 3 


Hexuronic acid 
0-0* 


Hexosamine 
0-5+0-1 (5) 
3-0+0-2 (5) 1-0+0-2 (5) 

25-0+5 (5) 13-0+5 (5) 

70-0+ 10 (6) 35 +5 (3) 


* The solution was opalescent and showed no colour. 


Table 4. Effect of acid hydrolysis on the anthrone 
reaction given by the first extract during 16 hr. at 


110° 
Anthrone-positive substance 


Acid hydrolysis (ug-/ml.) Destruction, % 
Starting material 370 — 
After treatment with 

0-025 n-HCl 300 19 

0-05n-HCl 256 28 

0-1n-HCl 248 30 

0-5n-HCl 120 67 

n-HCl 100 73 

2n-HCl 0 100 

286 — 

x-H,SO, 286 0 

2n-H,SO, 246 23 

5n-H,SO, 138 52 

10n-H,SO, 0 100 


only on unhydrolysed material, because the 
substance responsible for the colour reaction was 
destroyed during hydrolysis. If we measure the 


amount of anthrone-positive substance ° during 


hydrolysis with HCl or H,SO, we find a decrease in 


the positive reaction. The effect of different con- 
centrates of HCl or H,SO, during 16 hr. at 110° is 
demonstrated in Table 4. The results of hydrolysis 
after different times is shown in Table 5. Both 
tables show that the carbohydrate of mucoid, is very 
sensitive to acid hydrolysis. Glucose and galactose, 
either alone (Table 5) or added to the first extract, , 
were destroyed at nearly the same rate as the carbo- | 
hydrate in the first extract. This result was con- 
firmed by paper chromatography. In the product 
after hydrolysis for 16 hr. in 2N-HCl we were not 
able to show the presence of glucose or galactose. 
After hydrolysis of the first extract for 1 or 2 hr. 
the spots of carbohydrates could be seen. After 4 
and 8hr. hydrolysis the spots became faint and 
after 16 hr. they disappeared entirely. The same 
results were obtained with added glucose or 
galactose. 

Hexosamine behaved quite differently during 
hydrolysis. It remains stable in 2N-HCl for 16 hr. at 
110°. If we added a small quantity of glucosamine 


HCI to the first extract we were able to recover it, ; 


and even more hexosamine was obtained than the 
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Hydrolysis of the first extract and of small quantities of hexoses 


Hydrolysis was done by treatment with 2N-HCl at 110° in sealed tubes. After hydrolysis the contents of the tubes were 
evaporated, the residue was dissolved in water and, in a portion, carbohydrates were determined by the anthrone and 
Molisch-Szara method. The carbohydrate content was calculated from the standard. 


First Added Added 
extract glucose galactose 
(ml.) (mg) (mg.) 
3 _ _ 
3 a a 
3 — - 
3 — 
3 = 
3 = ois 
as 1 site 
sas 1 a 
os l aa 
ae 1 == 
_ 1 ame 
— 1 = 
~ — 1 
— — 1 
— — 1 
-- ad 1 
— 1 
— — 1 


Table 6. Anthrone reaction given by the known 
acid mucopolysaccharides 


The extinction/mg. of substance was read in a 0-5 ml. 
cuvette at 610 my with a Pulfrich photometer. 


E 
Chondroitin sulphate A 0-06 
Chondroitin sulphate B 0-09 
Chondroitin sulphate C 0-12 
Hyaluronic acid 0-05 
Heparin 0-07 
Keratosulphate 0-28 


Table 7. Separation of the metachromatic and protein 
bands after paper electrophoresis and analysis for 
protein, carbohydrate and hexuronic acid 


The starting material was fraction 2, containing, in1-0ml., 
14-3 mg. of protein, 3-55 mg. of carbohydrates, 3-42 mg. of 
hexosamine and 1-81 mg. of hexuronic acid. 


Protein Metachromatic 
band band 
Protein (%) 85-90 11-15 
Carbohydrates (%) 70-75 20-27 
10-15 80-85 


Hexuronic acid (%) 


sum of the hexosamine content of the extract and 
the added hexosamine. This discrepancy is pre- 
sumably due to hydrolysis products from the pro- 
tein which interfere with the hexosamine determina- 
tion. The first extract and fraction 1 showed rather 
a low hexosamine content whereas an increased 
quantity of hexosamine (and also carbohydrate) 
occurred in fractions 2 and 3 after IRC treatment 
(Table 3), where the protein content is rather low. 
Therefore in our pure mucoid, fractions the protein- 


Time of Glucose and 
hydrolysis galactose found Loss 
(br.) (mg.) (%) 
0 1-0 . 
1 1-0 0 
2 0-9 10 
4 0-8 20 
8 0-5 50 
16 0-2 80 
0 1-0 0 
1 1-0 0 
2 0-94 6 
4 0-83 17 
8 0-27 73 
16 0-25 75 
0 1-0 0 
1 0-97 3 
2 0-95 5 
4 0-78 22 
8 0-61 39 
16 0-30 70 





hydrolysis products cannot be entirely responsible 
for the high hexosamine content. 

We found hexuronic acid in fractions by the first 
method of Dische (1947), but with the second pro- 
cedure (Dische, 1950) no hexuronic acid could be 
demonstrated. In the first extract (Table 3) hex- 
uronic acid could not be found even by the first pro- 
cedure; perhaps this was due to some inhibiting 
substance. 

To determine whether the polysaccharide of 
mucoid, was identical with other known mucopoly- 
saccharides we compared it with materials kindly 
sent us by Professor K. Meyer, Columbia University. 
Chondroitin sulphate A, B and C, hyaluronic acid 
and keratosulphate were determined by the 
anthrone reaction. Of these substances only kerato- 
sulphate showed measurably positive anthrone 
reaction (Table 6). Keratosulphate has the same 
sensitivity to acid hydrolysis as has mucoid,. 

Paper electrophoresis could throw light on the 
question whether we are dealing with a mucopoly- 
saccharide containing hexuronic acid and hexos- 
amine or with a substance containing neutral 
hexoses bound to protein. We found a material 
giving a strong metachromatic reaction (with 
toluidine blue) which moved towards the anode, 
and a protein band, most of which did not move, or 
moved only very slowly towards the cathode. 
Under our conditions there was more than 2 cm. 
between the protein and metachromatic bands and 
they could therefore be separated easily. Elutions 
were made from the two different bands with water 
to analyse for protein, carbohydrates, hexuronic 
acid and hexosamine. As Table 7 shows, all the 
hexuronic acid was found in the metachromatic 
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band, but nearly all the carbohydrates were bound 
to protein. In the metachromatic band no protein 
could be shown by the staining method, but with 
Folin reaction (Table 7) 11-15 % of the protein used 
as standard has been found. Hexosamine could not 
be demonstrated by the Blix (1948) method either 
in the protein or in the metachromatic band, 
because the quantity of hexosamine in the material 
applied was too small. Therefore we tried the 
method of Kirk & Dyrbye (1957) by chromatograph- 
ing the elutes from both bands after hydrolysis in 
2Nn-HCI for 2 and 16 hr. The 2 hr. hydrolysate was 
chromatographed on three papers and developed 
with three different stains—ninhydrin, isatin and 
aniline hydrogen phthalate. The 16 hr. hydrolysate 
was developed only with aniline hydrogen phthal- 
ate. Standards of carbohydrates and that of glucos- 
amine and galactosamine were run at the same time 
of 2 and 16hr. hydrolysates. Both experiments 
showed diffuse spots and it was concluded that 
hexosamine might be present in the protein band 
and the By staining the 
electrophoretic paper strips with periodic acid 
Schiff reagent a very faint red colour appeared near 
the protein band. The metachromatic band did not 
give any coloration with the periodic acid Schiff 
reagent. We tried chondroitin sulphates, hyaluronic 
acid and also keratosulphate, but none of them has 
given any reaction with periodic acid Schiff reagent. 

From the results of Table 7 it is clear that most 
of the carbohydrate is bound to protein, but for the 
metachromatic material a polyuronide is respon- 
sible. We think that a part of the hexosamine 
moiety is bound to hexuronic acid, because hex- 
uronic acid alone does not give any metachromatic 


metachromatic band. 


staining material. The purified fractions 2 and 3 con- 
tain more hexosamine than hexuronic acid and for 
this reason some part of the hexosamine may be 
bound together with the carbohydrate to protein. 
Further investigations are necessary to solve this 
problem. 

To obtain information about the carbohydrates 
bound to protein we chromatographed the electro- 
phoretically -separated protein after 2 hr. hydrolysis 
with n-HCl. It showed eight spots, from which 
four could be identified with known carbohydrates, 
namely glucose, galactose, mannose and glucos- 
amine, but the other four remained unidentified. 

To examine further the nature of the material in 
the metachromatic substance we treated our puri- 
fied mucoid, preparations with hyaluronidase. We 
used hyaluronidase [either Hyase (Organon) or 
from Wyeth Laboratory of Applied Chemistry, 
Philadelphia, Pa., U.S.A.] equivalent to 75 turbidity 
reducing units/ml. for 16 hr. incubation at pH 6, 
I 0-1. After hyaluronidase treatment a metachro- 
matic reaction remained. The hyaluronidase-treated 
mucoid, contained no hexuronic acid or hexosamine 
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diffusible through cellophan; both remained in 
polymerized form. 

When the fractions of purified mucoid, were 
stored for a longer time, even at 0°, the diffusibility 
of the protein part together with the anthrone- 
positive material increased. From the freshly pre- 
pared fraction only 30% of the protein and 12 % of 
the carbohydrate were in a diffusible state, but after 
10-14 days’ storage 50-60% of the protein and 
40% of the carbohydrate were lost during 24 hr. 
dialysis. It seems that the protein—carbohydrate 
complex became labile after purification. This 
observation is unusual, because during isolation the 
mucoid, remains stable on treatment with 25% 
trichloroacetic acid. 


DISCUSSION 


Until now it has not been possible to demonstrate in 
Achilles tendon the existence of polysaccharides 
other than the acid mucopolysaccharides. In our 
experiments, after treatment with the pancreatic 
collagenmucoproteinase a part of the collagen 
protein is dissolved which contains strongly bound 
carbohydrates, called mucoid,. The name of mucoid, 
was reserved for another carbohydrate-containing 
protein which is dissolved from Achilles tendon cf 
rat tail during the process of heat contraction 
(Banga, 1953). 

Hyaluronidase does not dissolve mucoid, nor 
does it hydrolyse the polysaccharide moiety. In 
mucoid, preparations free acid mucopolysaccharide 
is present. This substance is unaffected by hyal- 
uronidase digestion and therefore it is suggested 
that it is chondroitin sulphate B (heparitin sulphate) 
or keratosulphate. Both polyuronides and kerato- 
sulphate might be present in the metachromatic 
band because, after paper electrophoresis, anthrone- 
positive substance besides hexuronic acid can also 
be found. From the data of Table 6 only kerato- 
sulphate gives a measurable reaction with the 
anthrone reagent; but Table 7 shows that the 
metachromatic band also contains 11-15% of 
protein, and the 20-27% of carbohydrate in this 
band may be present as a different mucoid or as 
glycoprotein. The chromatographic studies after 
paper electrophoresis involve so many procedures 
that it is impossible to have a clear picture of the 
quantitative relations of the many substances 
present in both bands. It is necessary to isolate 
mucoid, from another connective tissue, for example 
discus intervertebralis, in which it is present in a 
much greater quantity, and then to try to separate 
mucoid, from the metachromatic material. 

We suggest that mucoid, might be responsible for 
the periodic acid Schiff-positive reaction in sections 
of Achilles tendon, because one of us (Banga, 1959) 
has demonstrated the disappearance of periodic acid 
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Schiff reaction from tendon after treatment with 
collagenmucoproteinase. 

An important problem arises whether mucoid, 
corresponds to an integral constituent of the con- 
nective tissue or whether it belongs to the blood 
glycoproteins. The latter is contra-indicated by two 
points. First, 16% of the collagen protein is dis- 
solved by collagenmucoproteinase and this protein 
contains 10% of hydroxyproline and so cannot 
belong to blood proteins. Secondly, after treat- 
ment with collagenmucoproteinase tendons of rat 
tail do not show the characteristics of the heat and 
chemical contraction—relaxation phenomenon, but 
rather disintegrate into filaments and dissolve 
entirely after some time (Banga, 1958; Bal6, Szabo 
& Banga, unpublished work). We suggest that 
mucoid, represents a stabilizing factor in the 
fibres, in the absence of which no fibrillogenesis can 
occur. 

It has been proved that IRC-50 adsorbed the 
hydroxyproline containing protein only after the 
trichloroacetic acid step. It can be supposed that 
trichloroacetic acid has a hydrolysing effect on the 
collagen protein; so a part of the polypeptide 
remains bound to the polysaccharides, while 
another part, which contains the hydroxyproline, 
splits off and will be adsorbed by the resin. Mandl 
(1958) has shown the existence of peptides in 
collagen which were made soluble by collagenase 
from Clostridium histolyticum. Some of these pep- 
tides contain hydroxyproline and some do not. It is 
possible that in the soluble mucoid—collagen com- 
plex similar peptides may have been split off. But 
it is also possible that mucoid, is an independent 
protein, like the serum mucoid of Winzler (1958), 
which is bound to the collagen and takes part in its 
function as a constituent. Dische, Danilezenko & 
Zelmenis (1958) have found in the vitreous humour, 
as well as in bone, two different types of neutral 
heteropolysaccharides. Mucoid, has some similarity 
to the neutral heteropolysaccharide of Dische et al. 
(1958) which contains hexosamine. 


SUMMARY 


1. With the aid of collagenmucoproteinase a poly- 
saccharide-containing fraction mucoid,, can be 
isolated from Achilles tendon. The data of purifica- 
tion and fractionation are reported. 

2. The mucoid, contains protein-bound poly- 
saccharides and hexosamine. Besides mucoid, the 
enzyme digests show the presence of hyaluronidase- 
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resistant acid mucopolysaccharides which can be 
separated by paper electrophoresis and show a very 
strong metachromatic reaction with toluidine blue. 
3. It is suggested that mucoid, may be one of the 
stabilizing factors of collagen fibre and that it is 
responsible for the periodic acid Schiff reaction. 
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The results of Bray, Franklin & James (1959) sug- 
gest that the guinea pig cannot acetylate S-sub- 
stituted L-cysteines as readily as can the rabbit or 
the rat. Since the failure to demonstrate acetyl- 
ation might have been due to the presence of an 
active deacetylating system (cf. Krebs, Sykes & 
Bartley, 1947) we have investigated the excretion 
by the rabbit, rat and guinea pig of some admini- 
stered mercapturic acids and the effect of prepara- 
tions of liver and kidney on these compounds. Bray, 
James, Thorpe & Wasdell (1950) found that extracts 
of guinea-pig liver deacetylated N-acetylglycine 
more readily than did extracts of rabbit or rat liver, 
although the activities of extracts of guinea-pig and 
rabbit kidney were the same and greater than those 
of extracts of rat kidney. Marsden & Young (1958) 
found that about 33 % of a dose of 1-naphthyl-[**S ]- 
mercapturic acid was excreted unchanged by rats, 
but, since the neutral sulphur fraction of the urine 
of these animals contained 81—89 % of the radio- 
activity administered, they suggested that the urine 
contained some S-(l-naphthyl)-L-cysteine formed 
by metabolic deacetylation of the mercapturic acid. 
Parke & Williams (1951) reported that rabbits 
excreted 45 % of a dose of phenylmercapturic acid 
unchanged and 14% as S-phenyl]-L-cysteine, but 
their method of determination was not recorded. 


MATERIALS 


The preparation and properties of S-butyl-L-cysteine, N- 
acetyl-S-butyl-L-cysteine and S-(2-chloro-4-nitrophenyl)- 
L-cysteine were described by Bray ef al. (1959), those of 
S-benzyl-L-cysteine and N-acetyl-S-benzyl-L-cysteine by 
Bray, James & Thorpe (1958) and those of N-acetyl-S-(2- 
chloro-4-nitrophenyl)-L-cysteine by Bray, James & Thorpe 
(1957). p-Acetamidobenzenesulphonamide (m.p. 218°) was 
prepared by acetylation of p-aminobenzenesulphonamide 
with acetic anhydride. 


METHODS 


Animals, diet and dosage. Doe rabbits (2-3 kg. body wt.) 
were maintained as described by Bray, Ryman & Thorpe 
(1947). Guinea pigs (300-600 g. body wt.) received 20 g. 
day of the same diet and rats (200-300 g. body wt.) 15 g. 





* Part 3: Bray, Franklin & James (1959). 


day of ground rat cubes [H. C. Styles (Bewdley) Ltd.]. All 
animals had water ad lib. The compounds (about 0-2 g./kg. 
body wt. for rabbits and rats and 0-1 g./kg. for guinea pigs) 
were administered by stomach tube as suspensions in water. 
No toxic effects were observed. 

Tissue extracts. The animal was killed by a sharp blow on 
the back of the head and immediately bled. The liver and 
kidneys were removed and ground with sand and phosphate 
buffer, pH 8-1 (06g. of NaH,PO,,2H,O and 8-9 g. of 
Na,HPO, in 1 1. of water). For liver extracts 3 ml. of buffer/ 
g. of tissue was used and for kidney extracts 5 ml. The brei 
was centrifuged at 2000 g for 5 min. and the supernatant 
retained. Reaction mixtures consisting of 30 ml. of a solu- 
tion of substrate in phosphate buffer, pH 8-1 (20 mg./100 ml. 
for N-acetyl-S-benzyl-L-cysteine and N-acetyl-S-(2-chloro- 
4-nitrophenyl)-L-cysteine, 50 mg./100 ml. for N-acetyl-S- 
butyl-L-cysteine and 10 mg./1l00ml. for p-acetamidc 
benzenesulphonamide) and 5 ml. of tissue extract was 
incubated at 37° with shaking. Samples (5 ml.) were with- 
drawn at intervals and deproteinized by the addition of 
10 % (w/v) ZnSO,,7H,0 (2-5 ml.) and 0-5n-NaOH (2-5 ml.). 
The mixture was filtered and 5 ml. samples of the filtrate 
were used for the determination of mercapturic acid or 
p-aminobenzenesulphonamide. 

Tissue slices. These were prepared and experiments were 
carried out as described by Bray et al. (1959). 


Determination of mercapturic acids 


The methods were as described by Bray et al. (1959). S- 
Benzylcysteine does not interfere with the determination of 
benzylmercapturic acid (Bray et al. 1959). The zine hydrox- 
ide deproteinization of the tissue digests removes S-butyl- 
L-cysteine completely in the concentrations used so that the 
presence of S-butyl-L-cysteine in tissue extracts does not 
interfere with the determination of butylmercapturic acid. 
The intensity of the yellow given by S-(2-chloro-4-nitro- 
phenyl)-L-cysteine under the conditions for the colorimetric 
method is less than 10% of that given by the corresponding 
mercapturic acid (Bray et al. 1959). This does not affect the 
results obtained for the mercapturic acid content of the 
urines since no unacetylated compound is excreted (see 
below). In tissue extracts which contain S-substituted 
cysteine the results for mercapturic acid will be high by an 
amount corresponding to not more than one-tenth of the 
S-substituted cysteine present, so that the difference results 
in Table 2 will give an underestimate of the extent of 
deacetylation of N-acetyl-S-(2-chloro-4-nitropheny]l)-t- 
cysteine, which would be corrected by a factor not exceed- 
ing 1-11. Both S-(2-chloro-4-nitrophenyl)-L-cysteine and its 
N-acetyl derivative undergo decomposition when an 
alkaline solution is exposed to daylight and gradually form 
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a yellow product which has an absorption spectrum identi- 
cal with that finally obtained when the procedure for esti- 
mation is applied. Digests with tissue extracts prepared in 
the red light of a photographic dark room and incubated in 
the absence of light gave results in agreement with those 
from experiments in which these precautions were not 
taken. Benzylmercapturic acid and butylmercapturic acid 
and, if kept in the dark, S-(2-chloro-4-nitropheny])-.- 
cysteine were stable when incubated in phosphate buffer at 
pH 8-1 and 37°. The percentage recoveries of mercapturic 
acids added to liver and kidney extracts expressed as means, 
with ranges in parentheses and the number of experiments 
as superior figures, were: N-acetyl-S-benzyl-L-cysteine 
99(84-101)'8; N- acetyl-S -(2-chloro-4-nitrophenyl) -L- 
cysteine 80(73-91)'*; N-acetyl-S-butyl-L-cysteine 101 (70 
127)**. 

Unabsorbed mercapturic acids. 
72 hr. after dosage were ground and extracted with 0-02 n- 
NaOH. The mercapturic acid in the extract was determined. 


Faeces passed during 


Determination of other compounds 


p-Aminobenzenesulphonamide. Reaction mixtures were 
deproteinized with ZnSO, and NaOH as described above 
and p-aminobenzenesulphonamide was determined by the 
method of Bratton & Marshall (1939). p-Aminobenzene- 
sulphonamide in urine was determined before and after 
hydrolysis as described by Bratton & Marshall. 

Glucosiduronic acid. The modification by Bray, Humphris, 
Thorpe, White & Wood (1952) of the naphtharesorcinol 
method of Hanson, Mills & Williams (1944) was used. 

Ethereal sulphate. The method of Folin (1905-06) was 
used, 

Paper chromatography 

The method, solvents and detecting reagents used and 
the Ry values are given by Bray et al. (1959). Under these 
conditions N-acetyl-S-(2-chloro-4-nitrophenyl)-L-cysteine 
had R, 0-89 in solvent A (7 hr.) and 0-46 in solvent B 
(16 hr.). Urines and tissne digests were applied directly to 
the paper. 


RESULTS 


Deacetylation in vivo. The results are summarized 
in Table 1. Paper chromatography failed to reveal 
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the presence of the unacetylated compound or of 
any unidentified material detected by the Knight & 
Young (1958) reagent in any urine from any of the 
species so that the values given for the excretion of 
mercapturic acid will not include any of the corre- 
sponding S-substituted cysteine. The amounts of 
unabsorbed mercapturic acids found in faeces 
(Table 1) suggest that the low recoveries of admini- 
stered mercapturic acids should not be attributed to 
a failure to absorb them. The fate of that part of the 
mercapturic acid which is not excreted unchanged 
is not known. Neither N-acetyl-S-benzyl-t- 
cysteine nor N-acetyl-S-(2-chloro-4-nitropheny])- 
L-cysteine caused a significant increase in the 
excretion of ethereal sulphate or glucosiduronic acid 
by any of the species. 

Deacetylation in vitro. The results are summarized 
in Table 2. For all three mercapturic acids de- 
acetylation was the only change of significant extent 
revealed by examination of the digests by paper 
chromatography ; the amounts of mercapturic acids 
decreased and S-substituted cysteines appeared in 
amounts in general agreement with the results of 
the quantitative experiments. No other sulphur- 
containing products could be detected. The de- 
acetylase activity of kidney extracts towards the 
mercapturic acids was greater than that of liver 
extracts. The deacetylase activity towards p- 
acetamidobenzenesulphonamide was very feeble in 
both tissues. 

Paper chromatography of digests in which liver 
slices from all three species were incubated with 
each of the mercapturic acids gave results qualita- 
tively the same as those obtained from liver 
extracts. Liver slices therefore not only acetylate 
S-substituted cysteines (Bray et al. 1959) but also 
deacetylate their N-acetyl derivatives. 

Acetylation by tissue extracts. The S-substituted 
cysteines corresponding to the three mercapturic 
acids were incubated with tissue extracts under the 


Table 1. Hacretion by rabbits of administered mercapturic acids and p-acetamidobenzenesulphonamide 


Urine was collected until the excretion of mercapturic acid or p-acetamidobenzenesulphonamide could no longer be 
detected (usually for at least 48 hr. after dosage). The amount excreted unchanged is expressed as a percentage of the dose. 
The results for urine are given as means of three experiments with ranges in parentheses. 


Rabbit Rat Guinea pig 
Excreted in Excreted in Excreted in 
Dose ———*————, Dose -——— A Dose on A 
Compound (mg.) Urine Faeces (mg.) Urine Faeces (mg.) Urine Faeces 
N-Acetyl-S-benzyl-- 700 62 0, 0-3 70 71 0-2, 7-0 100 6 7-5, 5-0 
cysteine (60-66) (45-83) (3-11) 
N-Acetyl-S-(2-chloro-4- 500 30 0, 0 70 47 0, 0-2 75 0 0, 16-0 
nitrophenyl)-L-cysteine (22-43) (41-54) 
N-Acetyl-S-butyl-L-cysteine 600 59 0, 0-3 60 85 0, 0 90 4 0, 1-0 
(46-76) (73-90) (0-8) 
p-Acetamidobenzene- 640 68 50 71 120 80 


sulphonamide* (60-73) 


(68-74) (78-83) 


* The average percentage of the dose excreted as p-aminobenzenesulphonamide by each species in 24 hr. was 3(2-4-3-4). 








396 


conditions used for the deacetylation experiments. 
No significant formation of mercapturic acid from 
any of the cysteines in liver extracts of any of the 
threespecies was revealed by paper chromatography. 

Stability of mercapturic acids in the alimentary 
canal. A fasting guinea pig (i.e. in the condition in 
which guinea pigs were dosed) was killed and the 
contents of the small and large intestine were mixed 
with 15 and 40 ml. of water respectively. Portions 
(1 ml.) of these mixtures were incubated with solu- 
tions (6 ml.) of N-acetyl-S-benzyleysteine (20 mg./ 
100 ml.) and of N-acetyl-S-butyleysteine (50 mg./ 
100 ml.) in phosphate buffer, pH 8-1, at 37°. 
Samples of the digests were examined by paper 
chromatography (a) immediately after mixing and 
(b) after incubation for 2 hr. Solvent A (Bray et al. 
1959) was used and spots were detected with the 
dichromate-silver nitrate reagent of Knight & 
Young (1958). The appearance and intensity of the 
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spots obtained in (a) and (b) were the same and 
corresponded with those given by the appropriate 
mercapturic acid in buffer solution. No other spots 


were detected with the dichromate-silver nitrate \ ‘ 
reagent. I 
DISCUSSION { 


The results in Table 1 show that both the rabbit 
and the rat excrete a considerable percentage of 
administered mercapturic acid unchanged, where- 
as the guinea pig excretes very little. No S-substi- 


tuted cysteines could be detected in the urines of ‘ 
any of the species so that straightforward deacety]- 
ation of the mercapturic acid and excretion of the 
cysteine do not occur. These results suggest that 
in all three species the mercapturic acids undergo 
further modification and that the extent of this is | 
much greater in the guinea pig than in the rabbit or 


the rat. The guinea pig, however, excretedunchanged ? 


Table 2. Deacetylation of mercapturic acids and p-acetamidobenzenesulphonamide 


by tissue extracts in vitro ;' 


Experimental conditions were as described in the text. The extent of deacetylation is expressed as the difference between 
the mercapturic acid found in the digest immediately after mixing substrate solution with tissue extract and that found 
after the time indicated. The difference value has been corrected by a factor derived from the quotient of the amount of } 
mercapturic acid added divided by that found by analysis immediately after mixing the substrate solution with the tissue 
extract. Results are given as means with ranges in parentheses and number of experiments as superior figures. 


Percentage of substrate deacetylated by | 








eee ogee he ee 
Duration of Liver Kidney | 
incubation —————______—_—__———— — — A—_—— j 
(hr.) 0-5 1-0 2-0 0-25 0-5 
N-Acetyl-S-benzyl-L-cysteine 
Rabbit 0 1 3 11 20 } 
(0-1) (0-2)8 (0-5)3 (9-15)3 (16-25) j 
Rat 7 13 21 16 27 
(4-13)* (8-20) (14-28) (14-19) (25-28) | 
Guinea pig 17 30 44 44 80 
(9-23)* (18-38)* (30-51)* (36-51)* (70-90) 
N-Acetyl-S-(2-chloro-4-nitrophenyl)-L-cysteine 
2 paeny 0 
Rabbit 1 1 3 9 18 | 
(1-1)* (1-2)8 (2-4) (7-11)8 (14-24)8 
Rat 27 43 56 37 58 } 
(22-34) (34-55)* (49-60)* (20-50) (30-80) 
Guinea pig 3 5 10 21 37 
(2-3) (5-6) (9-12) (15-28) (30-47) 
N-Acety1-S-butyl-L-cysteine 
Rabbit 27 49 72 29 61 
(16-40)* (30-67) (50-100) (22-36)3 (50-70) 
Rat 17 28 46 28 46 
(10-22) (20-40)5 (34-62)® (17-40)4 (35-80)4 i 
Guinea pig 38 58 71 37 67 
(33-40)* (52-67) (70-72)? (30-42) (57-74) 
p-Acetamidobenzenesulphonamide, incubated for 7 hr. 
Rabbit 2-8 0-6 
(2-7, 2-9)? (0-5, 0-7)? 
Rat 3-0 0-9 
(2-9, 3-0)? (0-9, 0-9)? ; 
Guinea pig 4-0 1-0 


(3-0, 5-0)? 





(0-9, 1-1)? 
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a larger amount of administered p-acetamido- 
benzenesulphonamide than did the rabbit or rat. 

The experiments with tissue extracts (Table 2) 
suggest that the guinea-pig tissues deacetylate 
mercapturic acids no more readily than do those of 
the rabbit or the rat and there appears to be no 
overall correlation between results from experi- 
ments in vitro and in vivo as was observed for 
acetylation by Bray et al. (1959), who used tissue 
slices for their experiments in vitro. Tissue extracts 
were used for the quantitative experiments on de- 
acetylation so as to avoid the complication of 
simultaneous acetylation reactions, since with 
tissue extracts the S-substituted cysteines are not 
acetylated to a significant extent. Whereas the 
guinea pig shows a correlation in that no significant 
proportion of administered mercapturic acid is 
excreted, and both liver and kidney have deacetyl- 
ase activity, the deacetylase activity is of the same 
order as that of these tissues of the rat, which 
excretes unchanged a very large proportion of 
administered mercapturic acid. The rabbit is ex- 
ceptional in that the deacetylase activity of the 
liver towards N-acetyl-S-benzyl-L-cysteine and N- 
acetyl-S-(2-chloro-4-nitrophenyl)-L-cysteine is very 
low, whereas towards N-acetyl-S-butyl-L-cysteine 
the deacetylase activity is as high as that in 
guinea-pig liver. 

The results of these experiments lend little 
support to the view that the failure of the guinea 
pig to excrete significant amounts of mercapturic 
acid after the administration of a precursor, a 
S-substituted cysteine or the mercapturic acid itself 
is due to more efficient deacetylation of mercapturic 
acid in the liver or kidney of the guinea pig than in 
these tissues of the rabbit and rat. A possible 
explanation of the results obtained in vivo with the 
guinea pig would be that there was such extensive 
breakdown of mercapturic acids in the alimentary 
canal that practically no mercapturic acid was 
absorbed. If the breakdown products were absorbed 
their nature would be such that they or their meta- 
bolites escaped detection by the methods used. This 
explanation is a difficult one to disprove, but seems 
unlikely in view of the results of the experiments in 
which mercapturic acids were incubated with the 
contents of the alimentary canal. These results 
suggest that mercapturic acid is not extensively 
broken down in the gut and, since only a small pro- 
portion of a dose is found in faeces (Table 1), that 
the mercapturic acid is probably absorbed in vivo. 
The explanation of the failure of the guinea pig to 
excrete mercapturic acid would seem to be either 
that it does not acetylate to a significant extent the 
corresponding S-substituted cysteine, as suggested 
by Bray et al. (1959), or that it has a greater facility 
than has the rabbit or rat in converting mercapturic 
acids or S-substituted cysteines into products, 
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which, if excreted in urine, have so far escaped 
detection. 

The experiments with p-acetamidobenzene- 
sulphonamide provide results from an acetylated 
aromatic amine for comparison with those from the 
three acetylated aliphatic amino compounds. All 
three species excreted a large proportion of ad- 
ministered p-acetamidobenzenesulphonamide un- 
changed and very little was excreted as p-amino- 
benzenesulphonamide. The extent of deacetylation 
observed in vitro was also very small. With the 
aromatic acetamido compound the guinea pig does 
not show the species difference revealed with the 
aliphatic acetamido compounds. 


SUMMARY 


1. Rabbits and rats excreted unchanged a con- 
siderable proportion of a dose of three administered 
mercapturic acids but guinea pigs excreted very little. 

2. The excretion of deacetylated mercapturic 
acids was not detected. 

3. All three species excreted unchanged a large 
proportion of a dose of p-acetamidobenzenesulphon- 
amide and little was excreted as p-aminobenzene- 
sulphonamide. 

4. Liver and kidney extracts of all three species 
deacetylated the mercapturic acids and, to a small 
extent, p-acetamidobenzenesulphonamide. 

5. It is concluded that it is unlikely that the 
small extent of the excretion of mercapturic acids 
by the guinea pig is the result of abnormally high 
deacetylase activity in guinea-pig tissues. 


We wish to thank Dr W. V. Thorpe for his interest and 
advice and Mr P. B. Wood and Mrs B. G. Taylor for techni- 
cal assistance. 
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In many species of Gram-negative bacteria one of 
the surface components of the bacterial cell is a 
material composed of polysaccharide, protein and 
phospholipid residues (Boivin, Mesrobeanu & 
Mesrobeanu, 1933; Morgan, 1937, 1949; Miles & 
Pirie, 1939a; Morgan & Partridge, 1940, 1941, 1942; 
Freeman, 1943; Davies, Morgan & Mosimann, 
1954). These substances are antigenic, toxic and 
pyrogenic and are thermostable with respect to 
these properties; the dominant immunological 
specificity is determined by the polysaccharide 
moiety. They have been referred to as endotoxins 
or Boivin antigens or, in special cases, as O somatic 
antigens, but these terms, especially endotoxin, are 
also used with other meanings. 

Although little is known either of the chemical 
composition or the biological properties of the 
endotoxins of Bordetella pertussis (Haemophilus 
pertussis), B. parapertussis and B. bronchisepticus, 
there is already ample evidence for the occurrence 
of biologically active polysaccharides in organisms 
of these species. Cruickshank & Freeman (1937) 
digested phase I B. pertussis cells with trypsin and 
precipitated with ethanol from the soluble digest a 
material containing polysaccharide. This prepara- 
tion also gave positive reactions in the Millon’s, 
ninhydrin and biuret tests. It had an immunizing 
potency for mice equal to that of whole cells when 
immunity was measured by intraperitoneal chal- 
lenge. Eldering (1941, 1942) isolated lipopolysac- 
charides from strains of the three Bordetella spp. 
and obtained grossly similar products whether she 
used a modification of the trichloroacetic acid 
method (Boivin et al. 1933) or the hydrochloric 
acid or tryptic-digestion methods of Felton & 
Kauffmann (1938). The preparations were soluble 
in water, giving opalescent solutions; the Mélisch 
test was positive and reducing sugars were detected 
with Benedict’s solution after acid hydrolysis. 
Tests for protein were negative. The B. bronchi- 
septicus lipopolysaccharide was toxic for mice and 
an insoluble toxic component could be obtained 
from it by 0-2N-acetic acid hydrolysis. The three 
substances appeared to be serologically distinct but 
immunization of mice with any one of them con- 
ferred substantial protection against intraperi- 
toneal challenge with B. bronchisepticus. It has 
been suggested more recently, from the results of 
agglutination and agglutinin-absorption tests, that 


the three Bordetella spp. have a common thermo- 
stable O antigen (Andersen, 1952; Eldering, 
Hornbeck & Baker, 1957). 

The detailed chemical composition of these poly- 
saccharide materials is not known although the 
substances described by Eldering (1941, 1942) are 
clearly of an ‘endotoxin nature.’ However, the 
presence of mannose, galactose and a ‘fructose- 
like’ substance in a polysaccharide extracted with 
‘50% pyridine’ from defatted cells of B. pertussis 
has been reported (Akiya, Takahashi, Kuriyama & 
Ogawa, 1951). Although this method of extraction 
is known to yield endotoxin when applied to certain 
other bacteria (Goebel, Binkley & Perlman, 1945), 
the absence of any reference to biological or sero- 
logical properties in this instance leaves the precise 
nature of the material in doubt. 

In the present study the chemical composition 
and biological properties of the lipopolysaccharide 
components of the Bordetella endotoxins are 
described. A preliminary report has already 
appeared (MacLennan, 1957). These toxic sub- 
stances are distinct from the well-known thermo- 
labile toxin produced by Bordetella spp. (A. P. 
MacLennan, unpublished work). 


MATERIALS AND METHODS 


Bacteria. The B. bronchisepticus strains N.C.T.C. 452, 
454, 8759 and 8760, and the B. parapertussis strain 
N.C.T.C. 8250, were obtained from the National Collection 
of Type Cultures, Colindale, London. Of the four B. 
bronchisepticus strains, 452 and 454 were avirulent (A. P. 
MacLennan, unpublished work), but a third avirulent 
strain, 8759 Av, was derived from N.C.T.C. 8759 by re- 
peated transplanting of broth cultures. A phase IV B. 
pertussis strain, G154E, and an acetone-dried preparation 
of phase I organisms were kindly provided by Dr Jean 
Dolby, The Lister Institute, Elstree, Herts. 

Cultivation and recovery of bacteria. Strains of B. 
bronchisepticus, B. parapertussis and phase IV B. pertussis 
were cultivated in tryptic-meat broth for 40-64 hr. on a 
reciprocating shaker at 37°. The culture medium was dis- 
pensed in Thompson bottles (A. Gallenkamp and Co. Ltd., 
London, E.C. 2) in 250 ml. amounts and each bottle was 
inoculated with a suspension in broth of the cells from an 
18 hr. confluent growth on about 15 em.? of tryptic-meat 
broth-agar. Organisms were recovered by centrifuging at 
20 000 g, resuspended evenly in an equal volume of water 
and poured into 10 vol. of acetone at - 20°. Several days 
later the bacteria were sedimented by centrifuging, washed 
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three times with cold dry acetone and dried in vacuo over 
H,SO,. They were then either extracted at once or stored 
at 0-2° until required. Acetone-dried cells of the phase I 
B. pertussis strain were prepared by Dr Jean Dolby from a 
2-day shake culture in Cohen & Wheeler (1945) medium. 

Preparation of materials for analysis. Samples were 
thoroughly dialysed against distilled water at 0-2° and 
dried from the frozen state. They were further dried to 
constant weight in vacuo at 78°. 

Total nitrogen. The Kjeldahl method was used, with the 
distillation apparatus of Markham (1942) and the mixed 
bromocresol green—methyl red indicator of Ma & Zuazaga 
(1942). 

Amino nitrogen and a-amino acid nitrogen. Amino N 
was determined by measuring the N, liberated on treat- 
ment with HNO, in the Van Slyke—Neill manometric 
apparatus (Peters & Van Slyke, 1932). The «-amino acid N 
estimations were made by the ninhydrin-CO, method of 
Van Slyke, Dillon, MacFadyen & Hamilton (1941) at pH 2-5 
and with a reaction time of 10 min. 

Phospkorus. Determinations were made on samples 
containing 5-30pg. of P by the method described by 
Martland & Robison (1926). 

Sugars. The following methods were employed: hexos- 
amine (Rondle & Morgan, 1955); aldoheptose (Dische, 
1953); hexose (Dische, Shettles & Osnos, 1949). The sugars 
employed as standards in the estimations were p-glucos- 
amine, D-glycero-D-galactoheptose and D-glucose. 

Nucleic acid. The nucleic acid content of preparations 
was estimated in relation to a reference standard of purified 
ribonucleic acid by measuring the absorption at 260 my in 
a Unicam ultraviolet spectrophotometer. 

Other analyses. Determinations of C, H, acetyl and of 
acidic function by direct titration were made by Weiler and 
Strauss, Oxford. 

Chromatography. Polysaccharide samples were hydro- 
lysed in sealed ampoules at 100° with n-H,SO, or n-HCl 
for 16 hr. For application to paper chromatograms salt- 
free preparations were made from H,SO, hydrolysates by 
Ba(OH), neutralization followed by filtration and evapora- 
tion in vacuo to dryness. Acid was removed from HCl 
hydrolysates by repeated evaporation’ in vacuo in the 
presence of NaOH pellets. Whatman no. 1.paper was used 
with butan-1l-ol—pyridine—-water (6:4:3, by vol.). Papers 
were sprayed with ninhydrin or with Ehrlich’s reagent 
(Partridge, 1948) to reveal hexosamine, or with p-anisidine 
hydrochloride (Hough, Jones & Wadman, 1950), which 
distinguishes by colour the different classes of reducing 
sugars. 

Uliracentrifuging. Preparative ultracentrifuge runs were 
made in a Spinco model L ultracentrifuge at 2-4°. Figures 
quoted for the force in g refer to the force exerted at the 
centres of the tubes and are average values. Analytical 
ultracentrifuge runs were carried out in a Spinco model E 
machine. 

Serological activity. Precipitin reactions in fluid media 
were performed by addition of the solution under test 
(0-25 ml.) to an equal volume of antiserum and mixing. 
The tests were read after incubation at 37° for 4 hr. and 
leaving at 0-2° overnight. The agar-diffusion precipitin 
method of Ouchterlony (1948, 1953), as described by 
Crumpton & Davies (1956), was also used. 

Antisera. Groups of rabbits were injected weekly by the 
intravenous route with 1 ml. amounts of suspensions in 
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0-9 % NaCl of 18 hr. cultures grown on tryptic-meat broth— 
agar and containing about 10° organisms/ml. With B. 
bronchisepticus two injections of heat-killed cells (55°/ 
30 min.) were given first. Satisfactory antibody titres were 
frequently achieved after 10-12 injections of live cells and 
the rabbits were then bled out. An antiserum to phase I B. 
pertussis cells was provided by Dr Jean Dolby; this was 
prepared by the intravenous injection of rabbits with an 
aqueous extract of disintegrated phase I cells, detoxified 
with formalin. Several courses, each of ten injections, were 
given before the animals were bled and the sera pooled. 

Pyrogenicity. The method used was that described by 
Davies (1956). 


~XPERIMENTAL AND RESULTS 
Extraction of lipopolysaccharides 


The phenol method of Westphal, Liideritz & Bister (1952) 
was chosen because it had already been applied success- 
fully to the preparation of lipopolysaccharides from a 
number of bacterial spp. (Westphal ef al. 1952; Davies, 
1956, 1958; MacLennan & Rondle, 1957a) including 
Pasteurella pestis (Davies, 1956), in which diethylene glycol 
and trichloroacetic acid had proved of no value. 

Preliminary experiments showed that it was unnecessary 
to remove protein from cells by extraction with 0-9% 
NaCl in order to obtain substantial yields of lipopolysac- 
charide by the phenol method. Acetone-dried cells were 
suspended in water (10 g./100 ml.), warmed to 65° and 
treated with an equal volume of aq. 90% (w/v) phenol 
soln. at 65°; the mixture was stirred for 20-45 min. at this 
temperature and then cooled to 0-2°. Upon centrifuging, a 
clear separation of water and phenol phases occurred. The 
phenol phase was discarded. The clear, rather viscous 
aqueous phase was poured into 10 vol. of acetone at — 10°, 
left overnight at this temperature and centrifuged. The 
deposit was washed three times with cold acetone, dialysed 
exhaustively and freeze-dried. The preparations contained 
large amounts of nucleic acid (Table 1), which in most cases 
was readily removed by centrifuging an aq. 1% (w/v) soln. 
at 100 000g for 4 hr.; the colourless transparent deposit 
retained very little nucleic acid (Table 2, Fig. 1). The 
results in Table 1 show that the average yield of lipopoly- 
saccharide from B. bronchiseplicus cells of strain N.C.T.C. 
8760 was 6-3 %, a value similar to those found for ‘Smooth’ 
O somatic antigens of Shigella spp. (Morgan, 1949; Goebel 
et al. 1945; Davies et al. 1954). Smaller yields of lipopoly- 
saccharide were obtained from B. pertussis (3-4%) and B. 
parapertussis (2°7%). The substances extracted from the 
phase IV B. pertussis strain and from avirulent strains of 
B. bronchisepticus differed from those of virulent organisms 
and are considered separately below. 

The products obtained from the virulent B. bronchi- 
septicus strain N.C.T.C. 8760 (BR; a pool of preparations 2 
and 3, see Table 1), from the phase I strain of B. pertussis 
(PE) and from B. parapertussis strain N.C.T.C. 8250 (PA), 
were white powders giving opalescent solutions in water. 
At 5 mg./ml. only BR was completely soluble in water and 
in 0-9% NaCl. The substances were biuret-negative and 
Mélisch’s test-positive. Measurement of ultraviolet ab- 
sorption at 260 mp showed that less than 2 % of nucleic acid 
was present in PE and PA (Table 2); BR appeared to be 
free from nucleic acid. 
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Table 1. Cell yields from broth growths of Bordetella spp. and yields of products on aqueous phenol extraction 


Strain 
Bordetella bronchisepticus 
N.C.T.C. 8760 
N.C.T.C. 8760 
N.C.T.C. 8760 
N.C.T.C. 454 
8759 Av 
Bordetella pertussis 
‘Phase I vaccine’ 
Phase IV G154E 
Phase IV G154E 


Bordetella parapertussis 
N.C.T.C. 8250 


Cell yield 
(g. of acetone- 
dried cells/I. 
of medium) 


3 
2 
2 
3°6 
3-6 


0-6 





Igbo 
Wt. of Lipopoly- 
acetone-dried Wt. of Nucleic saccharide 
cells extracted phenol extract acid in cells* 
(g.) (g.) % % 
ll 0-68 12 5-4 
25 1-73 20 5-5 
25 2-78 26 8-1 
36 0-60 62 0-6 
36 0-99 85 0-4 
13 0-65 32 3-4 
5 0-01 30 
12 0-51 45 -- 
10 0-34 20 2-7 


* 77 , ‘ ; 7 ; 
Maximum values, calculated on the assumption that extracts are composed solely of lipopolysaccharide and nucleic 


acid. 


Table 2. Composition of lipopolysaccharides obtained from Bordetella spp. 


Lipopolysaccharide 
preparation 


B. bronchisepticus (BR/A) 
B. pertussis (PE) 
B. parapertussis (PA) 


0-3 


0-2 


091%, 
Tem 


0-1 


240 260 280 
Wavelength (mz) 


Fig. 1. Ultraviolet-absorption spectra 
charides. /\, Bordetella bronchisepticus 
B. pertussis (PE); @, B. parapertussis (PA). 





300 


lipopolysac- 
(BR/A); O, 


bo to to 


All values are expressed as percentages. 


Nucleic 
acid Aldoheptose Hexosamine Hexose 
0 18 16-6 5 
1-4 34 20-3 6 
0-6 18 16-5 5 





Purification of BR. An aq. 1% (w/v) soln. of BR (1-24 g.) 
at 0-2° was fractionated by the addition of acetone at 
-10° in 5% increments of concentration (v/v) in the 
presence of about 0-3 % of potassium acetate. Virtually the 
whole of the material precipitated at 65% (v/v) acetone 
concentration. It was then reprecipitated twice at this 
level, redissolved and centrifuged from aq. 1% (w/v) soln. 
at 100000g for 4hr. to remove traces of nucleic acid, 
dialysed exhaustively and freeze-dried (yield, 1-0 g.). The 
analytical figures of the purified material (BR/A) differed 
only slightly from BR; for this reason and because only 
small amounts of the B. pertussis and B. parapertussis 
preparations were available they were not fractionated in 
this way. 


Examination for physical homogeneity 


In the analytical ultracentrifuge a 1% (w/v) soln. of 
BR/A in phosphate-NaCl buffer at pH 8-0 (phosphate, 
10-1; NaCl, 70-1) gave a very rapidly sedimenting 
sharp peak (S 92s), which was preceded by some material 
which accumulated on the base of the cell (Fig. 2). This 
behaviour is similar to that of the lipopolysaccharide ob- 
tained from P. pestis (Davies, 1956), where evidence was 
adduced from ultacentrifuge studies on aqueous solutions 
that the more rapidly sedimenting substance was itself 
composed of lipopolysaccharide which had not truly dis- 
solved in salt solutions. With BR/A prolonged centrifuging 
of an aq. 1% (w/v) soln. at about 2500g in an ‘angle’ 
centrifuge also caused a separation of a cloudy viscous 
lower layer from a less viscous opalescent supernatant 
fluid. The materials obtained by freeze-drying the two 
layers did not differ significantly in composition as 
measured by N, P and aldoheptose (see below) analyses nor 
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in their serological activity. It is therefore probable that 
the two components detected by the ultracentrifuging of 
buffered solutions were not chemically different but that 
the more rapidly sedimenting material was a more highly 
aggregated fraction that was not truly in solution. The 
particle size of both components is evidently very large 
and of a similar order to that of the O somatic antigen of 
Shigella dysenteriae (Davies et al. 1954). 

The B. pertussis and B. parapertussis preparations were 
not examined because of their low solubility in water and in 
salt solutions. 


Examination for immunological homogeneity 


Bordetella bronchisepticus. The cells from an 18 hr. 
culture of strain N.C.T.C. 8760 grown on tryptic-meat 
broth-agar were washed once, resuspended in 0:9% NaCl 
(about 100 mg. dry wt./ml.) and examined by diffusion- 
precipitin analysis in agar. The photograph (Fig. 3) shows 
that a number of lines of precipitation were formed by 
these cells when they reacted with a homologous bacterial- 
cell antiserum. The strongest of these lines, that nearest the 
antigen reservoir, was shown on suitably designed plates to 
be identical with the strong line given by BR/A (1 mg.) 
against the same antiserum (Fig. 3). Characteristically, the 
line due to the lipopolysaccharide formed close to the anti- 
gen reservoir and reached maximum intensity after 
development for 5-7 days; unlike the lines due to other B. 
bronchisepticus antigens (MacLennan, unpublished work) it 
could not be detected until the third or fourth day of 
development. The line was formed also by cells or BR/A 
solutions heated at 100° for 30 min. 

The formation of a single strong line of precipitation by 
BR/A indicates the absence of other native B. bronchi- 
septicus antigens from this preparation. As further evi- 
dence for immunological homogeneity (Davies, 1956) it was 
necessary to demonstrate the absence of other antigenic 
substances from BR/A, such as might have been produced 
by the alteration of native antigens during the phenol 





Fig. 2. Sedimentation pattern of B. bronchisepticus lipo- 
polysaccharide (BR/A). Initial concentration 1-:0% 
(w/v) at pH 8-0 (phosphate, J 0-1; NaCl, 7 0-1). Centri- 
fugal force 60000g. Migration from right to left. 
Exposure 8 min. after reaching full speed. Phase plate 
angle, 50°. 
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extraction of cells. An artificial antigenic complex of BR/A 
was therefore prepared by coupling this substance with the 
conjugated protein component of the O somatic antigenic 
complex of S. dysenteriae (Partridge & Morgan, 1940; 
Morgan, 1943; Davies, 1956). Antisera were then prepared 
in rabbits by alternate subcutaneous and intravenous in- 
jections of the BR/A complex (50-100 yg.) at intervals of 
4 days. After a total of twelve injections the antisera ob- 
tained precipitated with a 1/128 000 dilution of BR/A and 
gave a line of precipitation on diffusion plates against both 
BR/A and strain N.C.T.C. 8760 cells (Fig. 3). On suitably 
designed plates these lines were found to be identical. 
However, it is apparent (Fig. 3) that a second weak line of 
precipitation was formed by the cells against an antiserum 
to the artificial BR/A complex and, although not clear 
from Fig. 3, an identical second line was formed by BR/A. 
Moreover, with both cells and BR/A, the continuity of 
each of the two lines formed against antiserum to the 
artificial complex with the apparently single line formed 
against the bacterial-cell antiserum demonstrates that this 
line must itself be compound. The significance of the two 
lines is uncertain. Both were formed by heated prepara- 
tions (100°/30 min.) of strain N.C.T.C. 8760 cells and of 
BR/A. In addition, neither of the lines was formed against 
antisera prepared with BR/A alone, suggesting that the 
antigens responsible for both are polysaccharide in nature, 
requiring coupling with S. dysenteriae conjugated protein 
to become antigenic. The presence of immunologically 
inactive contaminants in BR/A cannot, of course, be 
detected by these tests. 

Bordetella pertussis and Bordetella parapertussis. Each 
of the preparations PE and PA (1 mg.) gave a single faint 
diffuse line of precipitation on diffusion plates against 
homologous bacterial-cell antisera which linked with one of 
the several weak lines formed by whole cells. Like the line 
given by BR/A the lipopolysaccharide lines were formed 
also by heated cells, were slow to develop and were close to 
the antigen reservior. The weakness of the reactions might 
be due either to the low solubility of the antigens or to a 
low antibody titre in the antisera. 





Fig. 3. Agar-diffusion precipitin pattern of B. bronchi- 
septicus cells and lipopolysaccharide. Reservoir A, cells 
(20 mg. dry wt.) of B. bronchisepticus (strain N.C.T.C. 
8760); reservoir B, a homologous antiserum (0-2 ml.); 
reservoir (, purified lipopolysaccharide (BR/A, 1 mg.); 
reservoir D, specific lipopolysaccharide antiserum 

(0-2 ml.). 


Bioch. 1960, 74 








402 


Chemical composition 


Analytical figures for BR/A, PE and PA with respect to 
sugar and other components discussed below are recorded in 
Table 2. Additional analyses of BR/A gave C, 42-5; H, 
6-4; O-acetyl, nil; ash, 7-2 %; [«]}? — 36° in water (c, 1). 
The reducing value (Somogyi) of BR/A was 7 %, calculated 
as glucose, after hydrolysis for 24 hr. with 0-5N-HCl. The 
low reducing value is in sharp contrast with the large 
amounts of reducing sugars detected in BR/A (Table 2) by 
methods involving more drastic hydrolysis, and it is 
probable therefore that BR/A is unusually resistant, when 
compared with many other bacterial lipopolysaccharides, 
to dilute acid hydrolysis. 

Paper chromatography. Two major components were 
detected on chromatography of 24 hr. n-HCl or n-H,SO, 
hydrolysates of BR/A, PE and PA. One of these reacted 
with Ehrlich’s reagent, ninhydrin and anisidine and the 
spot corresponded in position and colour with glucosamine. 
The second component occupied a position between glucose 
and galactose on chromatograms. When sprayed with the 
anisidine reagent and heated at 140° for 2-3 min. the 
characteristic colour reaction (purple with grey-green 
margin) of an aldoheptose was obtained. This heptose 
corresponded in both position and colour to p-glycero-L- 
mannoheptose, or its optical enantiomorph, but its identity 
could not be established by this means. An unidentified 
component (Reinrcose 1°3) giving an immediate bright yellow 
on spraying with anisidine and a brown with the orcinol 
reagent of Bevenue & Williams (1951) was sometimes noted 
in hydrolysates of BR/A and PA. 

Hydrolysis of BR/A with 6N-HCl for 16 hr. liberated a 
number of substances reacting with ninhydrin and 
Ehrlich’s reagent. With ninhydrin five spots were obtained 
on chromatograms. The strongest of these was due to 
glucosamine and a much weaker spot corresponded to 
galactosamine. These two spots, and a third slow-moving, 
ninhydrin-positive component, with Ehrlich’s 
reagent. This third substance might be an oligosaccharide- 


reacted 


containing hexosamine, arising from incomplete hydrolysis 
of BR/A. Two ninhydrin-positive components, giving faint 
diffuse spots, did not react with Ehrlich’s reagent. The 
virtual absence of contaminating protein from the BR/A 
preparation is shown by the failure to identify amino acids 
on these chromatograms. 

A noticeable feature of the chromatographic examination 
was the faint colour reactions given by aldoheptose and 
hexosamine spots when N-H,SO, hydrolysates of BR/A 
containing nominally large amounts of these sugars were 
examined. This behaviour was quite unlike that of similar 
hydrolysates of other lipopolysaccharides known to contain 
aldoheptose and hexosamine, namely those produced by 
Pasteurella pseudotuberculosis 
(D. A. L. Davies, personal communication), Pasteurella 
seplica (MacLennan & Rondle, 1957a) and Chromo- 
bacterium violaceum (MacLennan & Davies, 1957), and is no 
doubt the relative of the Bordetella 
preparations to dilute acid hydrolysis. 

Hexosamine. In Fig. 4 the release of hexosamine from 
BR/A during N-HCl and 6N-HCl hydrolysis at 100° is 
shown. A much greater proportion of the total hexosamine 
content of BR/A remained unreleased by n-HCl hydrolysis 
for 24hr. than with the lipopolysaccharide of P. pestis. 
Both preparations contain an aldoheptose, hexose and 
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hexosamine. It appears that there are two distinct types of 
hexosamine linkage in BR/A, one of which is resistant to 
dilute acid hydrolysis. A period of hydrolysis for 6 hr. with 
6N-HCl gave maximum release of hexosamine from BR/A 
and the figures recorded in Table 2 for BR/A, PE and PA 
were obtained from 6 hr. hydrolysates. 

The absorption spectrum of the pink chromophore pro- 
duced by these hydrolysates in the Elson & Morgan reaction 
(Rondle & Morgan, 1955) was identical with that of 
authentic D-glucosamine in the region 500-570 mp. A 
6 hr. 6N-HCl hydrolysate was further analysed for amino 
sugars by chromatography on a column of Zeo-Karb 225 
resin (The Permutit Co. Ltd., London), eluted with 
0-33N-HCl by a modification (Rondle & Morgan, 1955) of 
the method of Gardell (1953). This analysis, kindly carried 
out by Dr M. J. Crumpton, revealed glucosamine and 
galactosamine in the ratio of between 4:1 and 5:1. There 
was no indication of any other amino sugar. The 16-6% 
total hexosamine of BR/A (Table 2) is therefore made up of 
glucosamine and galactosamine in this ratio. 

Aldoheptose. The chromatographic evidence for the 
presence of aldoheptose was confirmed by the H,SO,- 
cysteine reaction (Dische, 1953), carried out on the three 
lipopolysaccharides and also on material eluted from 
paper chromatograms of N-HCl hydrolysates of BR/A in 
the region giving an aldoheptose colour with anisidine. 
With BR/A, PE and PA the 3 min. heating period recom- 
mended for the estimation of free heptose was insufficient 
to give the maximum colour reaction as measured by either 
absorption at 505 mp or the difference in absorption 
505-540 mp. This heating period was sufficient, however, 
for almost maximum colour development with a number of 
other bacterial lipopolysaccharides that contain aldohep- 
tose, and the anomalous behaviour of the Bordetella pre- 
parations in this regard appears to be another instance of 
the difficulty with which these substances are hydrolysed. 
Fig. 5 illustrates the increase in cysteine-reacting chro 
mogen corresponding to aldoheptose as the heating period 
of BR/A with H,SO, is increased from 3 to 15 min. The 
aldoheptose figures of Table 2 are based on 10 min. heating 





periods. Since there is a decrease in the intensity of the 
colour produced by free authentic heptose (p-glycero-D- 
galactoheptose) with increase in heating period (Fig. 5), it 
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Fig. 4. Hydrolysis curves of B. bronchisepticus lipopoly- 


saccharide (BR/A) showing release of amino sugar 
estimated as glucosamine in the Elson & Morgan reac- 
tion; O, N-HCI; ©, 6n-HCL. 
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appears that the estimated heptose content of Bordetella 
preparations (10 min. heating) must represent a balance of 
chromogen formation and destruction. Depending on 
whether the rate of chromogen destruction is greater or less 
for the standard aldoheptose than for the lipopolysac- 
charides, the estimated heptose contents of the latter will 
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Fig. 5. Influence of time of heating on amount of aldo- 


heptose colour (505-540 my) produced by B. bronchi- 
septicus lipopolysaccharide (BR/A) and by free aldo- 
heptose after treatment with H,SO,-cysteine; O, BR/A 
(500 yg.); @, D-glycero-p-galactoheptose (50 yg.). 
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Fig. 6. Absorption spectra of lipopolysaccharides. A, B. 
bronchisepticus (BR/A); O, B. pertussis (PE); @, B. 
parapertussis (PA) after treatment of 500g. amounts 
with H,SO,-cysteine: readings were made at 22 hr. The 
absorption maximum at 410 my is due to hexose and 
that at 505 mp to aldoheptose. 
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be higher or lower respectively than the correct value. The 
accuracy of the figures recorded in Table 2, which are 
calculated in terms of D-glycero-L-mannoheptose, also 
depends on the correctness of this identification because 
different aldoheptoses give different colour intensities in the 
test (Dische, 1953; Davies, 1957 a). 

In addition to an aldoheptose the presence of a hexose, 
undetected on paper chromatograms, was revealed by the 
H,SO,-cysteine test. Fig. 6 shows the characteristic 
hexose- and heptose-absorption curves of BR/A, PE and 
PA with peak absorptions at 410 and 505 my respectively. 
These curves were obtained after a heating period of 3 min., 
because at 10 min. the hexose peak is destroyed, although, 
as already stated, the intensity of the heptose peak is in- 
creased. It was concluded that the hexose is not galactose 
from the CyRII reaction of Dische et al. (1949). The hexose 
values of Table 2 were obtained from the H,SO,-cysteine 
test (3 min. heating). 

Other sugars. Titration of BR/A in boiling 50% (v/v) 
ethanol with phenolphthalein as indicator gave a neutral 
equivalent of 1150. This figure agrees with the 20% 
hexuronic acid detected by manometric measurement of 
CO, evolved by heating BR/A at the temperature of 
boiling toluene with 12 % (w/w) HCl for Shr. (Tracey, 1948). 
On the other hand, hexuronic acid was not detected in the 
Tollen’s naphtharesorcinol test (Hanson, Mills & Williams, 
1944) nor in the carbazole test (Dische, 1947), nor on 
chromatograms sprayed with a bromophenol blue indicator. 
The nature of the substance evolving CO, on treatment with 
HCl therefore remains in question. The reaction was not 
confined to the B. bronchisepticus lipopolysaccharide but 
was given also by the degraded polysaccharide (Davies, 
1956) of P. pestis (22% hexuronic acid), which, like BR/A, 
did not give a positive carbazole test. A preparation of the 
degraded polysaccharide of S. dysenteriae (Davies, Morgan 
& Record, 1955) reacted to a lesser extent (5% hexuronic 
acid). Synthetic mixtures of p-glucosamine, D-glucose and 
p-glycero-D-galactoheptose, in the proportions in which 
hexosamine, hexose and aldoheptose have been detected in 
BR/A, gave a negligible reaction (0-3 % of hexuronic acid). 
Control estimations on purified mammalian hyaluronic 
acid and the capsular polysaccharide of Klebsiella pneu- 
moniae gave values for hexuronic acid similar to those 
reported by other workers. 

Tests for keto sugars (Dische & Borenfreund, 1951; 
Bevenue & Williams, 1951) and for sugar alcohols (Brad- 
field & Flood, 1950) were negative. Chromatograms showed 
no sign of 3:6-dideoxyhexoses (Fromme, Himmelspach, 
Liideritz & Westphal, 1957). 

Ash. Emission spectroscopy revealed that the high ash 
content of BR/A was due in large part to Ca, Mg and P (of 
the order of 1% of each) with some K, Zn and Pb (of the 
order of 0-1% of each). 


Component with high nitrogen content 


The most noteworthy feature of BR/A and PA is their 
high N content (Table 2), since these materials do not con 
tain significant amounts of protein or nucleic acid (Fig. 1) 
and their hexosamine content is much too small to account 
for the total N. 
has a greater proportion of aldoheptose and hexosamine. 

Analysis of BR/A samples hydrolysed with 6N-HCl at 
100° for 16 hr. gave amino N, 3-2%, and «-amino acid N, 
0-:12%. In addition, free ammonia N, 3-1%, was detected 


In contrast, PE, with a smaller N content, 


26-2 
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in the hydrolysates by the Conway diffusion method 
(Conway, 1947). The amino N figure is roughly equal to the 
sum of the values of hexosamine N (1-3 %), «-amino acid N 
and ammonia N (under the conditions of the test about 
50% of the ammonia was estimated as amino N). There- 
fore, since BR/A contains 7-7 % of N (Kjeldahl), an amount 
of N (3-2%) equal to the amount giving rise to ammonia 
must occur in BR/A in a form other than ammonia-forming 
or amino N. 

The infrared-absorption spectrum of BR/A was grossly 
similar to those of a number of other bacterial lipopoly- 
saccharides but differed from them in having absorption 


bands at 3-27, 6-05 and 6-5, suggesting the presence of 


bonded NH groups. 


Degradation of the lipopolysaccharide 


A sample of BR/A (252 mg.) at 1% (w/v) concentration 
in 1% (v/v) acetic acid was heated for 4 hr. at 100° in an 
atmosphere of N, gas (Morgan & Partridge, 1940). A pre- 
cipitate formed which was removed by centrifuging. The 
sediment was washed once with water and the washings 
were added to the acid-soluble fraction. Both the soluble 
and the insoluble fractions were dried from the frozen 
state. The insoluble material (64 mg.) constituted 25% of 
BR/A; successive extractions with ether and CHCl, 
yielded soluble fractions and an insoluble residue. Hexos- 
amine was detected in the ether- and CHCl,-soluble lipids. 
The acid-soluble material (175 mg.) was a fluffy white 
powder which dissolved very readily in water to give a 
clear solution. Analysis gave C, 39-9; H, 6-1; N, 8-6; P, 
2-0; aldoheptose, 24; hexosamine, 16-4%; [a]}® = —64 
(ec, 1). 

To confirm the rather unexpected observation that the 
component with high N content was associated with the 
acid-soluble degraded polysaccharide, a second sample of 
BR/A (220 mg.) was hydrolysed with 15 % (v/v) acetic acid, 
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all other conditions being the same as before. Similar 
results were obtained and the yields and compositions of 
the various fractions are recorded in Fig. 7. 

Hexosamine was detected in both the ether-soluble lipid 
and the CHCl,-soluble phospholipid. Chromatographic 
examination of a 6N-HCl hydrolysate of the ether- and 
CHCl,-insoluble material (9 mg., Fig. 7) revealed the 
presence of glycine, alanine, leucine, valine, lysine, glut- 
amic acid and aspartic acid, in addition to hexosamine. 
This insoluble substance might well account for the un- 
identified weakly reacting ninhydrin-positive spots pro- 
duced by hydrolysed BR/A on chromatograms, and for the 
low but definite «-amino acid N content (0-12 %) of BR/A. 

The acid-soluble degraded polysaccharide contained a 
greater proportion of both N and aldoheptose than did 
undegraded BR/A. Moreover, these proportions were 
further increased, and the absence of combined P from the 
polysaccharide was shown, when diffusible substances such 
as inorganic phosphate were removed by dialysing the pre- 
paration against distilled water for two periods of 48 hr. 
This procedure also showed that the component of high N 
content was not liberated as a freely diffusible substance by 
acetic acid hydrolysis of BR/A (Fig. 7). Titration of the 
dialysed polysaccharide with alkali after repeated drying 
from the frozen state over NaOH to remove acetic acid, 
gave a neutral equivalent of 1290. Examination in the 
analytical ultracentrifuge of the degraded polysaccharides 
produced by both 1 and 15% (v/v) acetic acid hydrolysis 
showed a single peak which failed to resolve completely 
from the meniscus after 2 hr. at 240 000g. There was no 
trace of either of the components previously detected in 
BR/A (Fig. 2). 

Biological properties 

Antigenicity. As already noted, when BR/A was coupled 
with S. dysenteriae conjugated protein it was a potent 
antigen and precipitating antisera were readily prepared. 


BR/A 


221 mg.; N, 7°7%; P, 2-1% (inorganic P, nil); 
aldoheptose, 18% 


15% (v/v) acetic acid 
hydrolysis (100°/4 hr.) 


Acid soluble 
173 mg.; N, 8-4%; P, 2-0% (inorganic P, 1-4%); 
aldoheptose, 20% 


75 mg. dialysed 


Dialysate 
54 mg.; N, 9-4%; P, 02%; 
aldoheptose, 22%, 


Diffusate 
11 mg.; N, 29%; P, 51%; 
aldoheptose, 5% 


Fig. 7. 


Acid insoluble 
45 mg. 


Ether extraction 


Soluble Insoluble 
30 mg.; N, 0-5%; P, 0-3% 
Chloroform 
extraction 
Soluble Insoluble 


8mg.; N, 28%; P, 13% 9mg.; N, 26%; P, 1:7% 


Products of hydrolysis of B. bronchisepticus lipopolysaccharide (BR/A) by 15% (v/v) acetic acid. 
For further explanation see the text. 
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It is doubtful, however, whether uncombined BR/A is 
antigenic. When three rabbits were injected with BR/A, 
following precisely the method of immunization used with 
the BR/A artificial complex, precipitins could be detected 
in only one of the antisera obtained. Since B. bronchisepti- 
cus is a natural pathogen for rabbits it is possible that a 
subclinical infection could be responsible for the production 
of low-level precipitins in this one rabbit. 

Serological reactions. BR/A precipitated at a dilution of 
1/128 000 with an antiserum prepared against the artificial 
antigenic complex, and at dilutions between 1/128 000 and 
1/1 000 000 with a number of antisera prepared against live 
cells of strain N.C.T.C. 8760. At equal antigen dilutions in 
the two tests a much more copious precipitate was formed 
with the bacterial-cell antisera than with the antiserum to 
the artificial antigen. On the other hand, antisera pre- 
pared against live cells of the avirulent strain N.C.T.C. 452 
did not precipitate with dilutions of BR/A as low as 
1/500 nor did they give a line of precipitation with this 
substance on diffusion plates. The antibody content of these 
antisera with respect to other B. bronchisepticus antigens 


was, however, at least equal to that of antisera to cells of 


strain N.C.T.C. 8760, so far as could be judged by aggluti- 
nation tests and by diffusion-precipitin analysis (Mac- 
Lennan, unpublished work). As with P. pestis (Davies, 1956), 
antibody to the specific lipopolysaccharide BR/A did not 
agglutinate cells of B. bronchisepticus strains. 

The degraded polysaccharide prepared by acetic acid 
hydrolysis of BR/A did not precipitate with the antisera 
that precipitated high dilutions of the latter substance. The 
degraded polysaccharide (2-5 mg.) from the 15% (v/v) 
acetic acid hydrolysis was dissolved in 2-5 ml. of an anti- 
serum to strain N.C.T.C. 8760 cells and was left at 20° for 
2 hr. and then at 0-2° for 18 hr. This mixture and a sample 
of the untreated antiserum were then tested against dilu- 
tions of BR/A in a tube-precipitin test. A 1/250 000 dilu- 
tion of BR/A, and all lower dilutions, precipitated equally 
well with the treated and untreated antisera. Thus the 
serological specificity of BR/A had evidently been lost 
during the mild hydrolysis. 

Precipitin tests were carried out with the preparations 
PE, PA and BR/A, both in tubes and on diffusion plates, 
each material being examined against antisera to live cells 
of the three Bordetella spp. In tube tests the homologous 
precipitin titres of PE and PA were low, due no doubt in 
part to the poor solubility of these substances. Despite 
these low titres it nevertheless appeared from cross- 
precipitation tests that the three substances are serologic- 
ally distinct. An antiserum to P. pestis cells which con- 
tained high-titre antibody to the P. pestis lipopolysac- 
charide (Davies, 1956) did not precipitate with BR/A 
despite the similarity in chemical composition between the 
two materials. 

On agar-diffusion plates, PE, PA and BR/A each gave a 
line of precipitation with their homologous bacterial-cell 
antiserum which linked with one of the several lines given 
by whole cells. PE and PA gave much weaker homologous 
reactions than did BR/A. However, BR/A did not pre- 
cipitate at all with antisera to B. pertussis and B. paraper- 
tussis cells, even when these antisera were artifically con- 
centrated or the distance between the antiserum and 
antigen reservoirs on the diffusion plates was reduced. 
Similarly, PE and PA did not form a line of precipitation 
with the potent antiserum to cells of B. bronchisepticus. 


SPECIFIC LIPOPOLYSACCHARIDES OF BORDETELLA 405 


Toxicity. Amounts between 10 yg. and 1 mg. of each 
lipopolysaccharide were injected intravenously into pairs of 
rabbits and intraperitoneally into groups of mice, white 
rats and guinea pigs. BR/A killed some animals of each 
species at the 1 mg. dose, but rabbits and mice alone at 
100 ug. All deaths occurred within 24 hr. of injection and 
animals that survived 100yg. (10yug. in mice) or more 
appeared very ill during this period. PA killed only mice 
and rats at the 1 mg. dose. PE was not lethal. 

Dermonecrosis. A lethal dermonecrotic toxin, which is 
extremely thermolabile with respect to these properties, is 
produced by organisms of the genus Bordetella (Evans & 
Maitland, 1937, 1939; Brueckner & Evans, 1939). Aqueous 
solutions of BR/A (200yug.-1 mg.), either untreated or 
heated at 80°/30 min., and injected intradermally into 
rabbits, gave rise to a necrotic lesion which progressed to 
ulceration with 1 mg. doses. This lesion was similar in 
appearance, in time of formation and in subsequent de- 
velopment to that caused by smaller amounts (30 yg.) of 
the thermolabile toxin prepared from cells of the B. 
bronchisepticus strain N.C.T.C. 8760 by the freezing and 
thawing method of Evans & Maitland (1939). PE and PA 
were not examined. 

Pyrogenicity. Despite the variation in toxicity the three 
preparations were pyrogenic and thus resembled the lipo- 
polysaccharides and O somatic antigens of the Entero- 
bacteriaceae (Westphal, Liideritz, Eichenberger & Keider- 
ling, 1952) and Pasteurelleae (Davies, 1956, 1958; Mac- 
Lennan & Rondle, 1957a). A marked response was ob- 
tained by the intravenous injection of rabbits with 
2-5 ug./kg. body wt. (Fig. 8). 
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Fig. 8. Influence of intravenous injections of the lipopoly 
saccharides of B. bronchisepticus (BR/A), B. parapertussis 
(PA) and B. pertussis (PE) on the rectal temperature of 
rabbits. At the time indicated by the arrow the dose 
(2-5 ug./kg. body wt.) was injected. 
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Properdin inactivation. PE (3mg.) was found (L. 


Pillemer, personal communication) to inactivate 8 units of 


properdin in a standard system (Pillemer, Schoenberg, 
Blum & Wurz, 1955). This degree of activity is similar to 
that of a number of other bacterial lipopolysaccharides. 
PA and BR/A were inactive at the 3 mg. dose. 


Phenol extracts of avirulent variants 


Warm 45% phenol extraction of the avirulent B. 
bronchisepticus strain N.C.T.C. 454 yielded a small amount 
of material (Table 1) which, like BR/A, dissolved slowly in 
water to give an opalescent solution. The colourless trans- 
parent pellet obtained by centrifuging an aq. 1% (w/v) soln. 
at 100 000g for 4 hr. was freeze-dried to a white powder 
which still contained 36% of nucleic acid. This material 
(N 11-3 %) contained an aldoheptose and a hexose and the 
increase in heptose chromogen with increase in the heating 
period of the H,SO,-cysteine test suggested that, like 
BR/A, it was resistant to acid hydrolysis. Biological 
properties were not examined. On agar-diffusion plates the 
material (1 mg.) did not give a line of precipitation with 
antiserum to strain N.C.T.C. 8760, which reacts strongly 
with BR/A, but a clear single line of precipitation, visible 
only after 4 days’ plate development, was formed by un- 
treated and by heated (80°/30 min.) preparations with an 
antiserum to the avirulent strain N.C.T.C. 452. This anti- 
serum, as has been noted above, does not precipitate BR/A 
in tube-precipitin tests nor does it form a line of precipita- 
tion with BR/A on agar-diffusion plates (A. P. MacLennan, 
unpublished work). 

The B. bronchisepticus strain N.C.T.C. 8759 is virulent 
and possesses a lipopolysaccharide of identical serological 
specificity (A. P. MacLennan, unpublished work) to BR/A. 
From this strain the avirulent variant 8759 Av was de- 
rived. Aqueous phenol extraction of this variant gave a 
preparation containing 85% of nucleic acid (Table 1), 
which could not be removed by ultracentrifuging. Material 
resembling either BR/A or that obtained from strain 
N.C.T.C. 454 could not be detected by chemical or sero- 
logical tests. 

From the phase IV strain G154E of B. pertussis a sub- 
stance was extracted which gave a clear viscous solution in 
water and was composed of a polyglucose and nucleic acid 
(Table 1) which could not be separated by ultracentrifug- 
ing. The acetone-dried cell preparation from which this 
material was extracted differed from all others examined in 
that the cells were extensively lysed. Material resembling 
PE in chemical composition was not detected. 


DISCUSSION 


The observations reported here confirm and extend 
those of Eldering (1941, 1942) in showing that close 
resemblances exist between the physical, chemical 
and biological properties of the lipopolysaccharides 
of Bordetella spp. obtained by phenol extraction 
and those of the well-characterized endotoxins of 
several other Gram-negative bacteria (Morgan, 
1949; Van Heyningen, 1950; Westphal & Liideritz, 
1954). These latter endotoxins when extracted 
from bacteria by suitably gentle means (Morgan, 
1937; Miles & Pirie, 1939a) consist of polymole- 
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cular aggregates of phospholipid, protein and poly- 
saccharide. Warm phenol extraction (Westphal 
et al. 1952) leads to loss of the protein component so 
that the absence of combined protein from the 
Bordetella lipopolysaccharides does not imply that 
protein is absent from the native antigens. The 
amounts of lipopolysaccharide present in the 
virulent of B. bronchisepticus and B., 
pertussis and in the B. parapertussis strain are 
comparable with those reported for virulent strains 
of many other Gram-negative bacteria. 

The significance of the results obtained from an 
examination of the B. bronchisepticus lipopolysac- 
charide for physical and immunological homo- 
geneity is uncertain. The material is apparently 
polydisperse but the two components detected in 
the analytical ultracentrifuge are unlikely to be 
distinct chemical and immunological entities since 
it was possible by centrifuging an aqueous solution 
of the lipopolysaccharide to separate two com- 
ponents which could not be distinguished by 
chemical or serological tests. Moreover, acetic acid 
hydrolysis led to loss of both components, as shown 


strains 


by ultracentrifuge studies; the degraded polysac- 
charide gave a single broad peak which failed to 
resolve completely from the meniscus. Both 
Goebel & Jesaitis (1952) and Davies (1956) have 
reported the separation of chemically and sero- 
logically homogeneous endotoxins into fractions of 
widely different particle size. 

Serological analysis of the B. bronchisepticus 
lipopolysaccharide, more particularly diffusion- 
precipitin analysis in agar, gave evidence for in- 
homogeneity, but it is nevertheless clear that if two 
components were present in the preparation then 
they were substances of very similar properties. 
The lipopolysaccharides of P. pestis and P. pseudo- 
tuberculosis (Davies, 1956, 1958) and of P. septica 
(MacLennan & Rondle, 1957 a) gave rise to only one 
line with homologous antisera under the conditions 
used for the examination of B. bronchisepticus. 

As with many other endotoxins which have been 
investigated, acetic acid hydrolysis of B. bronchi- 
septicus lipopolysaccharide liberates a_ soluble 
degraded polysaccharide and inorganic phosphate, 
and also an acid-insoluble material which can be 
separated into three fractions by successive ex- 
traction with ether and chloroform. The ether- 
soluble material contains little phosphorus whereas 
that soluble in chloroform but not in ether appears 
to be phospholipid. The solvent-insoluble residue 
contains a number of amino acids and probably 
accounts for the «-amino acid nitrogen detected in 
the lipopolysaccharide. The possibility that these 
amino acids arise from contamination of the pre- 
paration 


with traces of combined conjugated 
protein similar to that found in other endotoxins 
receives some support from the apparent absence of 
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sulphur-containing amino acids (Morgan & Part- 
ridge, 1940; Goebel et al. 1945). The total amount of 
lipid in the lipopolysaccharide is about 25%, a 
figure that falls within the rather broad range of 
lipid contents of O somatic antigens quoted by 
Landy, Trapani & Clark (1955). The lipid content of 
the B. parapertussis endotoxin is probably similar 
to that of B. bronchisepticus because of the quanti- 
tative similarity of these substances with respect to 
other components, particularly phosphorus. The 
lipid content of the B. pertussis preparation is more 
in doubt because of the differences in other respects 
(Table 2) between this lipopolysaccharide and 
those of the other organisms, although again the 
phosphorus content suggests a similar value. 
Aldoheptoses have been detected, and in some 
cases identified, as components of the specific 
polysaccharides of a large number of Gram- 
negative bacteria (references quoted by Davies, 
19576). The aldoheptose of the Bordetella spp. may 
be p-glycero-L-mannoheptose, or its optical enantio- 
morph, but the chromatographic evidence pre- 
sented here does not permit a firm identification. 
The extremely high nitrogen content of B. 
bronchisepticus lipopolysaccharide (7-7%) and its 
degraded polysaccharide (9-6%) is exceptional 
among endotoxins so far isolated, since it is not due 
to contaminating protein or nucleic acid as both 
chemical and physical examination has shown. The 
B. parapertussis lipopolysaccharide (nitrogen, 
8:2%) almost certainly contains a similar high 
Miles & Pirie (1939a, b) 
isolated a formylated polyhydroxyamino com- 
pound from the somatic antigen of Brucella 
melitensis, which contained 7-8 % of nitrogen, but, 


nitrogen component. 


unlike the B. bronchisepticus endotoxin, 90 % of this 
nitrogen was present in amino groups. The amino 
nitrogen content of B. bronchisepticus lipopolysac- 
charide can be accounted for in terms of the 
measured hexosamine and «-amino acid nitrogen 
plus the contribution made by ammonia present as 
ammonium salts in acid hydrolysates. The ammonia 
nitrogen itself accounts for 40% of the total 
Kjeldahl nitrogen and a roughly equal quantity 
appears to be present in a form other than ammonia 
or amino nitrogen. The formation of ammonia on 
acid hydrolysis of the lipopolysaccharide suggests 
an amide type of compound which would agree 
with the bonded NH absorption bands noted in the 
infrared spectrum. 

In biological properties the Bordetella lipopoly- 
saccharides are akin to other bacterial endotoxins. 
All three substances are pyrogenic, but whereas 
that of B. bronchisepticus is strongly toxic, B. 
parapertussis endotoxin and the B. 
pertussis material was not toxic at the highest level 
tested. Pyrogenic but relatively non-toxic lipo- 
polysaccharides have been isolated from organisms 


is less so 
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of the genus Pasteurella by Davies (1956) and by 
MacLennan & Rondle (1957a). The B. bronchi- 
septicus endotoxin causes dermonecrosis when in- 
jected intradermally into rabbits, as noted pre- 
viously by Eldering (1941). Dermonecrotic activity 
is possessed also by the thermolabile toxin of 
Bordetella spp. but there is no good reason at 
present for supposing that the two toxins are 
materially related; apart from the great differences 
in their properties the thermolabile toxin occurs in 
certain variants which do not produce the lipopoly- 
saccharide (A. P. MacLennan, unpublished work). 

The B. bronchisepticus lipopolysaccharide is a 
potent antigen when coupled with the conjugated 
protein of S. dysenteriae, although it is doubtful 
whether the uncombined material is antigenic. The 
poor solubility of the B. pertussis and B. paraper- 
tussis preparations makes the interpretation of the 
serological work uncertain, but it appears from the 
results of diffusion-precipitin analysis that the 
three lipopolysaccharides are serologically distinct 
since homologous but not heterologous reactions 
were observed. Most significantly, the soluble B. 
bronchisepticus lipopolysaccharide did not give a 
line of precipitation with an antiserum to B. 
pertussis cells as did the less soluble B. pertussis 
preparation. Tube-precipitin tests did not give 
clear-cut results but nevertheless supported the 
conclusions drawn from agar-diffusion precipitin 
analysis. These conclusions appear to be opposed to 
those of Andersen (1952) and of Eldering et al. 
(1957), who have inferred from agglutination and 
agglutinin-absorption the presence of a 
common O somatic antigen in the three Bordetella 


tests 


spp. 

The specific polysaccharide isolated from strain 
N.C.T.C. 454, an avirulent strain of B. bronchisepti- 
cus, is thought to be analogous to the ‘Rough’ lipo- 
polysaccharides of P. pseudotuberculosis (Davies, 
1958) and P. septica (MacLennan & Rondle, 
1957a, b). It differs sharply in serological specifi- 
city from the lipopolysaccharide of the virulent 
organism and is present in the cell in very much 
smaller amount. The avirulent B. bronchisepticus 
strain 8759 Av did not yield either ‘Smooth’ (strain 
N.C.T.C. 8760) or ‘Rough’ (strain N.C.T.C. 454) 
lipopolysaccharides by aqueous phenol extraction 
and, in the light of Kauffmann’s (1956) observations 
with Salmonella spp., may represent a transient 


stage in the passage from ‘Smooth’ to ‘Rough’. 


SUMMARY 
1. Specific lipopolysaccharides were extracted 
with warm aqueous phenol (45%, w/v) from ace- 
tone-dried cells of strains of Bordetella pertussis 
(Haemophilus pertussis), B. parapertussis and B. 
bronchisepticus and purified by differential ultra- 
centrifuging. 
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2. The preparations contained an aldoheptose, 


a hexose and hexosamine, and were unusually 
resistant to acid hydrolysis. The B. bronchisepticus 
preparation contained a small amount of galactos- 
amine. 

3. The high nitrogen content (7-7%) of the 
lipopolysaccharide of B. bronchisepticus, and prob- 
ably also that of B. parapertussis, could not be 


accounted for in terms of amino nitrogen or of 


nucleic acid nitrogen. Acid hydrolysis liberated 
ammonia, which accounted for about half of that 
nitrogen present in a form other than amino 
nitrogen. 

4. Evidence bearing on the presence of sugar 
acid in B. bronchisepticus lipopolysaccharide was 
contradictory but the amount of carbon dioxide 
liberated by hot mineral acid would correspond to 
about 20% of hexuronic acid. 


5. The B. 


sedimented as two components in the ultracentri- 


bronchisepticus lipopolysaccharide 
fuge, each of very large particle size. These com- 
ponents could not be distinguished chemically or 
serologically. 

6. The lipopolysaccharides of the Bordetella 
spp. were active in serological tests with homo- 
logous bacterial-cell antisera and appeared to 
differ among themselves in serological specificity. 

1. @. lipopolysaccharide was 
antigenic in rabbits when combined with the con- 
jugated-protein component of the O somatic 
antigen of Shigella dysenteriae. Antisera prepared 


bronchisepticus 


against the complex formed two lines of precipita- 
tion with the uncombined lipopolysaccharide when 
examined by diffusion-precipitin analysis in agar. 

8. The lipopolysaccharides were pyrogenic. The 
B. pertussis preparation differed from the other two 
in being non-lethal for laboratory animals and in 
having a higher properdin activity. 

9. Acetic acid hydrolysis of B. bronchisepticus 
lipopolysaccharide liberated a water-soluble de- 
graded polysaccharide, inorganic phosphate and an 
insoluble material which could be separated into 
three fractions by successive extractions with ether 
and with chloroform. 

10. The component with high nitrogen content 
was concentrated in the water-soluble degraded 
polysaccharide, which did not precipitate with 
homologous bacterial-cell antisera nor did it in- 
hibit the precipitation of the intact lipopolysac- 
charide with these antisera. 

11. The chemical and biological properties of the 
Bordetella lipopolysaccharides are similar to those 
ot the well-characterized endotoxins of certain 
other Gram-negative bacteria. 

12. Avirulent strains of B. bronchisepticus and 
B. pertussis did not yield the lipopolysaccharides 
characteristic of virulent 


strains but a _ small 


amount of material was extracted with phenol from 
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one avirulent B. bronchisepticus strain; this was 
similar in chemical composition to the lipopolysac- 
charide of the virulent strain but had a different 
serological specificity. 
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Pyruvate Utilization in Castor-Bean Endosperm and Other Tissues 


By G. E. 


NEAL* anp H. BEEVERS 


Department of Biological Sciences, Purdue University, Lafayette, Indiana, U.S.A. 


(Received 15 May 1959) 


Although pyruvate occupies a pivotal position in 
metabolism, its utilization by intact higher plant 
tissues has not been intensively studied. There is, 
however, ample evidence for its production by 
soluble glycolytic systems, for its oxidation by 
mitochondria and for its participation in other 
reactions such as transamination, reduction and 
decarboxylation by isolated enzyme systems. The 
fact that it is usually found in only small amounts 
in plant tissues attests to the activity of the various 
consuming reactions in vivo; if for any reason the 
internal pyruvate concentration increases to a 
level above that which can be accommodated by 
the oxidation systems, ethanol and carbon dioxide 
or, occasionally, lactate accumulate. It is for this 
reason that when substrate levels of pyruvate are 

* Present address: Brewing Industry Research Founda- 
tion, Nutfield, Surrey, England. 


supplied to plant tissues the usual response is a 
large increase in the respiratory quotient, although 
stimulations in uptake of oxygen have been ob- 
served (e.g. Laties, 19494, b). 

The availability of labelled pyruvate has made 
possible experiments in which its metabolism can 
be followed 
exchanges are unaffected, and specifically where 
internal levels are not increased to the point where 


under conditions where gross gas 


ethanol is formed. 

Pyruvate samples specifically labelled with ™C 
in individual carbon atoms were used in the present 
experiments. The fates of the carbon atoms were 
determined by measuring the respiratory release of 
14CQ, and analysing samples of tissue at suitable 
intervals. In most of the experiments virtually all 
of the added pyruvate was accounted for as carbon 
dioxide, organic acids, amino acids or carbohydrates. 
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A major objective of the experiments was to 
measure pyruvate utilization in the castor-bean 
endosperm, which converts fat into carbohydrate, 
conceivably by way of pyruvate. Pyruvate meta- 
bolism in this specialized tissue was compared with 
that which occurs in three other types of material. 
These were (a) petiole of fully mature castor-bean 
leaf, which has ceased active growth and in which 
synthetic reactions are probably at a minimum, 
(6) mesocotyls from young corn seedlings, which 
grew appreciably in length during the experiments, 
and (c) leaf of Bryophyllum calycinum, which is 
known to be especially rich in organic acids. 


MATERIALS AND METHODS 


Plant materials. (a) Castor beans were germinated as 
described previously (Beevers & Walker, 1956). Endo- 
sperms were removed from 5-day-old seedlings and sections 
about 0-5 mm. thick were cut by hand. They were washed in 
two changes of water before use. 

(6) Sections from the petioles of mature castor-bean 
leaves were prepared in the same way. 

(c) Corn (maize) seeds of variety Wf9/38-11 (Agricultural 
Alumni Seed Improvement Association, Lafayette, Ind., 
U.S.A.) were grown in vermiculite in the dark at 29°. 
After 4-5 days, when the mesocotyls were 2-3 cm. long, 
they were removed, cut into 1 em. lengths and rinsed in 
water before use. 

(d) Plants of Bryophyllum calycinum were placed in 
bright light for 24 hr. before use. Disks (1 cm.) were then 
removed from the laminae with a sharp cork borer. 

Equal samples of the individual materials were weighed 
out and placed in Warburg vessels containing 2 ml. of 
0-05M-potassium phosphate, pH 5-0. The centre wells 
contained 0-2 ml. of carbonate-free 20 % sodium hydroxide. 
The temperature for all experiments was 25°. 

Analytical methods. At the end of the chosen time inter- 
val, the alkali was removed and boiling 80% ethanol was 
added to the flasks. 
successive 25 ml. portions of 80% ethanol or by con- 
tinuous treatment with approximately 180 ml. of 80% 
ethanol in a Soxhlet apparatus. The extracts were evapor- 


Extraction was completed with 


ated under reduced pressure to a volume of 2-5 ml. and 
made up to 25 or 50 ml. with water. The colouring matter 
was removed from the leaf and petiole extracts with a few 
Fatty materials were 
removed from the endosperm and mesocotyl extracts by 
shaking briefly with a small quantity of ether. 

The extracts were then passed through columns contain- 
ing 3g. of Dowex 50 (x8) cation-exchange resin in the 
hydrogen form (regenerated with 2N-hydrochloric acid). 
The adsorbed amino acids were subsequently eluted with 
100 ml. of N-aq. ammonia soln. The extracts were next 
passed through a column containing 3g. of Dowex 1 
(x 10) anion-exchange resin in the acetate form and the 
organic acids were subsequently eluted with 50 ml. of 6N- 
formic acid. The final solutions, containing neutral 
materials (mainly the sugar fraction), and the eluted acids 
and bases, were evaporated under reduced pressure almost 
to dryness and then made up to a known volume (10 or 
25 ml.) in water. The components of the various fractions 


millilitres of hexane or benzene. 


1960 


were separated chromatographically on Whatman no. | 
paper by means of the following solvents. 

Organic acids: the upper phase of water—butanol—formic 
acid (5:4:1, by vol.). 

Amino acids: phenol—water (4:1, v/v), plus a few drops of 
1% ethylenediaminetetra-acetic acid, followed by the 
organic phase of water—butanol—formic acid (5:4:1, by 
vol.) in the second direction. 

Sugars: the upper phase of ethyl acetate—water-acetic 
acid (3:2:1, by vol.). 

The ethanol-insoluble residues were dried and weighed. 
A 30 mg. sample was placed in 2-5 ml. of 72% sulphuric 
acid and the vessel was shaken to aid solution. Corn 
mesocotyl tissue did not dissolve completely during this 
process, but the balance sheet indicated that the fibrous 
material which remained did not contain appreciable 
amounts of carbon from the added pyruvate. The solution 
was made to a volume of 180 ml. with water and boiled 
under reflux for 18 hr. It was then neutralized with solid 
barium carbonate. The slurry was filtered under vacuum 
through Whatman no. 42 paper and the precipitate was 
thoroughly washed with hot water. 

The filtrate and washings were evaporated under reduced 
pressure, filtered, the filtrate was made up to 25 ml. with 
water and then separated into organic acid, amino acid and 
sugar fractions by the methods described above. 

Determination Specifically labelled 
sodium pyruvate (The Radiochemical Centre, Amersham, 
Bucks.) was diluted with unlabelled sodium pyruvate and 
made up with dilute phosphoric acid so that 0-1 ml. of 
solution contained 1ymole of pyruvate, pH 5-0. Stock 
solutions were maintained at — 15°. The radioactivities of 
the solutions were determined by wet combustion in a 
Stutz & Burris (1951) apparatus. Losses of carbon were 
found to occur when pyruvate solutions were evaporated to 
dryness. The solutions for combustion were therefore 





of radioactivity. 


frozen in the combustion flasks and the complete oxidation 
mixture was added from the side arm. The CO, was con- 
verted into barium carbonate, which was filtered off on to 
sintered-porcelain disks and counted in a windowless gas- 
flow counter. All figures are corrected for background and 
self-absorption. 

[1-!4C}]-, [2-14C]- or [3-4C]-Pyruvate (2 umoles) containing 
a known amount of radioactivity (50 000-60 000 counts/ 
min.) were added as required to Warburg flasks. The !C 
content of the respired CO, was determined by transferring 
the sodium hydroxide from the centre wells of the Warburg 
flasks, with washings, into 8 ml. of a 10% barium chloride 
1% ammonium chloride solution. The precipitated carbon- 
ate was plated and counted as above. The radioactivity of 
the various fractions obtained from the columns was 
usually determined by evaporating a measured fraction to 
dryness on a nickel-plated planchet (after adding a few 
drops of 0-1 N-sulphuric acid to ensure complete removal of 
any residual pyruvate) and then counting directly. In 
order to make these values directly comparable with the 
figures for total combustion and respired CO,, so that 
balance sheets could be prepared, it was necessary to 
convert them into the equivalent ‘barium carbonate 


counts’. A factor was therefore empirically determined by 
measuring the radioactivity of comparable samples which 
had been dried on metal planchets or converted into 
barium carbonate before counting. This factor, metal- 
planchet count/2-8 


barium carbonate count, was used 
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throughout, although it is now known (T. apRees & H. 
Beevers, unpublished work) that slightly different factors 
should be used in converting values from the different 
fractions. The error involved is apparently small so that the 
results are not substantially altered; in some experiments 
the radioactivities of all fractions were determined by 
combustion to CO, and the results confirmed others 
obtained by the method usually employed. The C content 
of the insoluble residues was always determined by total 
combustion of a weighed amount. Radioautographs were 
prepared from chromatograms by the use of Kodak No- 
Screen X-Ray film. The distribution of activity on the 
chromatograms was also estimated either by direct count- 
ing on the paper, or by counting an evaporated eluate of a 
radioactive area cut from the paper. 

Degradation of glucose was carried out by the Leucon- 
ostoc mesenteroides procedure of Gunsalus & Gibbs (1952). 


RESULTS 

In preliminary experiments it was shown that 
(a) the spontaneous breakdown of the pyruvate 
solutions under the experimental conditions was 
negligible; the maximum amount of CO, released 
in a 24hr. run was from [1l-“C]pyruvate and 
amounted to 0-35 % of that added; (b) for each of 
the tissues, the amount of pyruvate which was 
added (not more than 2 moles/2 ml.) was well 
below the level which brought about increase in the 
rate of CO, output. 

Respiration of specifically labelled pyruvate by the 
four tissues. The aim in these experiments was to 


follow the release of the individual carbon atoms of 


pyruvate into the respired CO, and to relate these 
figures to the amount of carbon supplied. It should 


be emphasized that each of three equal samples of 


tissues received equal amounts of pyruvate and 
respired at the same rates throughout. In each 
experiment the treatments were in duplicate; the 
agreement between these was good (Fig. 2b). In 
addition, the various experiments have been re- 
peated at least once. The results which are pre- 
sented are representative ones. 

The respiration results from experiments with 
castor-bean petiole, Bryophyllum leaf and castor- 
bean endosperm are collected in Figs. 1 and 2. In 


a similar experiment with corn mesocotyl, 30% of 


C-1 of pyruvate had appeared in the respired CO, 
after 20 hr., when less than 20% of C-3 had been 
converted into CO,. The first point to be empha- 
sized is that in every case it is the C-1 of pyruvate 
which appears first and in greatest abundance in 
the respired CO,. By contrast, at each state the 


respired CO, is considerably less rich in C-2 of 


pyruvate and C-3 makes a yet smaller contribution. 
In three of the tissues, the amount of C-1 finally 
recovered in the CO, was close to 100% of that 
added, showing that all of the added pyruvate has 
undergone at least one reaction. At any point on 
the time scale, the percentage release of C-1 gives 
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a minimal figure for the amount of pyruvate that 
has undergone conversion into a two-carbon-atom 
unit (presumably acetyl coenzyme A) from C-2 and 
C-3. The extent to which C-2 and C-3 are released as 
CO,, and the order of their appearance, provide 
information about the subsequent utilization of the 
two-carbon-atom unit. 

In the castor-bean petiole (Fig. 1) the release of 
C-2 does not lag far behind that of C-1, and it, too, 
reaches 100% by the end of the experiment, 
whereas in Bryophyllum leaf (Fig. 2a) and endo- 
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Fig. 1. Progress of CO, production from equal portions 
(1pmole) of specifically labelled pyruvate. @, [1-™C]; 
O, [2-#C]; A, [3-C]. Material: 500 mg. samples of 
castor-bean petiole. 
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Fig. 2. Progress of CO, production from equal portions 
(2umoles) of specifically labelled pyruvate. @, [1-“C]; 
O, [2-4C]; A, [3-“C]. Material: (a) 750 mg. samples of 
Bryophyllum \eaf; (b) 500 mg. samples of castor-bean 
endosperm. 
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sperm (Fig. 2b) the release of C-2 lags strikingly 
behind that of C-1. 
C-2 had appeared as CO, by the end of the experi- 
ment. From the leaf, the final yield from C-2 was 
less than one-third of that from C-1. 

The disparity between the appearance of C-1 and 
C-3 (methyl carbon atom of pyruvate) is even 


Table 1. Utilization of [3-“@C]pyruvate by 
castor-bean petiole 
Tissue (500 mg.) was incubated with 1 pmole of pyruvate. 
Percentage of added 
radioactivity incorporated 


In 6 hr. In 28 hr. 


Fraction 
Co, 11-6 73-0 
Amino acids* 11-8 5-0 
Organic acidst 13-6 3-7 
Sugars 0 0-4 
Ethanol-insoluble residue I 5-0 


* Comprised: 79% of glutamic acid, 7% of aspartic 
acid, 8% of y-aminobutyric acid, 6% of alanine and trace 
of glutamine. 

+ Malate only. 


Table 2. Utilization of [(3-™C|pyruvate by 
corn mesocotyl 


Tissue (1 g.) was incubated with 2umoles of [3-™C}]- 
pyruvate. 
Percentage of added 
radioactivity incorporated 


Fraction In 10 hr. In 28 hr. 
CO, 11-2 28-1 
Amino acids* 37-8 40-7 
Organic acidst 24-8 9-2 
Sugars 1-1 1+ 
Ethanol-insoluble residue} 11-6 17-1 
* Alanine > glutamic acid = aspartic acid > aspara- 


gine = y-aminobutyric acid. 

+ Malate > citrate or isocitrate. 

t 28hr. hydrolysate: of the amount of radioactivity 
recovered, the fractions contained: amino acids 86%, 
organic acids 11%, sugars 3%. 


Table 3. Utilization of [3-@C]pyruvate by 


Bryophyllum leaf disks 


Tissue (750 mg.) was incubated with 2 umoles of [3-“C}- 
pyruvate for 24 hr. 
Percentage 
of added 
radioactivity 


Fraction incorporated 


Co Yo 6°7 
Amino acids 9-3 
Organic acids* 35-0 
Sugarst 9-7 


* Comprised: 37% of malate, 56% of citrate and iso- 
citrate, 2% of fumarate and 5% of succinate. 

+ Comprised: 46% of sucrose, 27% of glucose and 27% 
of fructose. 


G. E. NEAL AND H. BEEVERS 


In endosperm, over 60% of 


1g00 


greater. However, in the petiole a steady release of 
C-3 does occur and 70% had been converted into 
CO, by the end of the experiment. Thus of the total 
pyruvate carbon supplied to this tissue more than 
90% was recovered as CO,. In each of the other 
three tissues, however, the final yield of C-3 in the 
respired CO, was less than one-third of that which 
appeared from C-1l. 
products of pyruvate decarboxylation were re- 
tained even after 24 hr. in these tissues. 

Analysis of tissues which received [3-4C] pyruvate. 


Sizeable portions of the 


In attempting to explain this retention, the fate of 


C-3 is particularly interesting, and a series of 
experiments was carried out in which the disposi- 
tion of #4C from [3-"C]pyruvate was determined. 
(a) Petiole (Table 1). At the 6 hr. stage, 38% of 
the added pyruvate had been metabolized, and of 
this two-thirds was present as 
organic and amino acids; less than one-third had 
appeared as CO,. After 28 hr., 
87 % of the pyruvate had been used, less than 10% 
was in the organic and amino acids; the great 
bulk of the added C-3 had by then appeared as CO,. 
There had been a small incorporation of C-3 into 
ethanol-insoluble material and virtually none into 


amount about 


however, when 


the sugar portion. 

(b) Corn mesocotyl (Table 2). At the earlier 
stage, incorporation into organic and particularly 
amino acids is striking; more than 40% of the C-3 
which had undergone reaction was found in a 
variety of amino acids. By 28 hr., when all of the 
pyruvate had been used, 10% of C-3 was in the 
organic acids and the amino acid component was 
still high. Another striking difference from the 
utilization by other tissues is shown by the in- 
corporation into the ethanol-insoluble portion. At 
10 hr. almost 12% of the added C-3 had appeared 
in this fraction and this increased during the sub- 
sequent 18 hr. The high content of C in the amino 
acids in the hydrolysate of this portion should be 
especially noted. 

(c) Bryophyllum leaf (Table 3). The striking 
feature here is that, although pyruvate utilization 
was far from complete, a greater proportion of the 
added C-3 was present in the organic acid fraction, 
even at the end of 24 hr., than was ever found in 
any of the other tissues. Almost 60% of the C-3 
recovered from the tissue was in the form of citric 
(tsocitric) acid and malic acid. In contrast with the 
findings for mesocotyl and petiole, a significant 
amount of radioactivity was found in the sugar 
portion. Although the flasks were darkened during 
the experiment, the possibility cannot be excluded 
that some of this arose during the unavoidable 
during manipulations for 


exposure to light 


sampling the CO,. 
(d) Castor-bean endosperm (‘Table 4). The very 
low yield of CO, from C-3 at a time when virtually 
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Table 4. Utilization of [3-4C]pyruvate by 
castor-bean endosperm 


Endosperm slices (500 mg.) were incubated with 2 p- 
moles of pyruvate for 10 hr. 
P Percentage 

of added 
radioactivity 


Fraction incorporated 
CO, 5-6 
Amino acids* 35°3 
Organic acidst 13-1 
Sugarst 31-1 
Ethanol-insoluble residue 5:7 


* Comprised: 98% of alanine, 2% of glutamate and a 
trace of glutamine. 

+ Principally malate, some citrate and succinate. 

t Sucrose, traces of glucose and fructose. 
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Amino acids 
(alanine) 
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Fig. 3. Progress of incorporation of “C from 2 moles of 
specifically labelled pyruvate into CO,, amino acids, 
organic acids and sugar. @, [1-“C]Pyruvate; O, 
[2-“C]pyruvate; A, [3-“C]pyruvate. Material: 500 mg. 
samples of castor-bean endosperm tissue. 


Table 5. Incorporation of pyruvate carbon atoms 


into endosperm constituents 


Samples (500 mg.) of tissue were incubated with 2 umoles 
of the particular labelled pyruvate for 4 hr. 


Percentage of added 
radioactivity in component 
A 


7 ‘ 
Labelled pyruvate [1-“C] [2-¥4C] [3-4C} 
co, 49-3 23-8 2-9 
Sugars 7-5 15-1 22:8 
Organic acids 1-1 8-0 8-5 
Amino acids 33-2 29°5 33-2 


all of the pyruvate had been used should be 
especially noted. The high content of C-3 in the 
amino acid portion is dealt with separately below. 
The biggest contrast with the rest of the tissues is 
seen in the sugar fraction, which acquired more than 
30% of the added C-3 of pyruvate. 
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Further experiments with endosperm tissue. Each 
of the labelled pyruvates was supplied to 500 mg. 
of endosperm tissue and, at intervals during a 4 hr. 
period, flasks were removed and the incorporation 
of radioactivity into the various fractions was 
determined. Fig. 3 shows the results of these 
determinations; the incorporation of “C from the 
three pyruvates into each fraction are grouped 
together. The figures for percentage incorporation 
into the various fractions at the end of 4hr. are 
given in Table 5. 

(a) CO, (ef. also Fig. 2b). The very prompt 
appearance of C-1 is striking; the release of C-2 
occurs at a much lower rate, with a detectable lag, 
and that of C-3 is very slow indeed. It seems that 
shortly after adding the pyruvate, there would be a 
time when although C-1 release had begun there 
would be as yet no carbon atoms from C-2 and C-3 
in the CO,. 

(b) Amino acids. The values in Fig. 3 show that 
from each of the labelled pyruvates there was a 
rapid appearance of “C in the amino acids. The 
striking feature is that the rates of this incorpora- 
tion were virtually identical from C-1, C-2 and C-3; 
the single curve accommodates all of the points. 
The amino acids were separated chromatographic- 
ally and the following were revealed by ninhydrin: 
phenylalanine, isoleucine, valine, tryptophan, y- 
aminobutyrate, proline, alanine, threonine, glut- 
amate, glutamine, aspartate, asparagine, serine 
and glycine. It was found that, of these, alanine 
was the only radioactive component when [1-1C]- 
pyruvate was supplied, and contained all but a 
minute fraction of the total radioactivity in the 
amino acids when [2-C]pyruvate and [3-'C]- 
pyruvate were the substrates. The virtual absence 
of 14C in the amino acids related to «-oxoglutarate 
is noteworthy. Since alanine can arise from pyru- 
vate without cleavage, the equal incorporation of 
each carbon atom from pyruvate into the amino 
acid fraction is thus accounted for. For incorpora- 
tion into amino acids, we can now write incorpora- 
tion into alanine. 

It will be recalled that the conversion of C-1 of 
pyruvate into CO, is virtually complete after 16 hr. 
This would presumably require that any C-1 which 
is present at an earlier time in any other com- 
ponent is subsequently converted into CO,. The 
results in Table 6 show that for alanine, the only 
component which gains more than a few per cent of 
radioactivity in the first 5 hr., this is indeed so; at 
the end of the experiment alanine contained only 
2% of the supplied C-1. 

(b) Organic acids. The curves in Fig. 3 show that 
at no time does the organic acid fraction contain 
more than a few per cent of the carbon atoms from 
pyruvate. However, significantly more of C-2 and 
C-3 than C-1 enter the organic acid fraction and the 
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forms of the three curves are quite different from 
each other. At 30 min., when a sizeable amount of 
C-1 had appeared in CO, and virtually none is 
present in the organic acids, precisely the reverse is 
true for C-3. Both CO, and organic acids have 
appeared from C-2 by this time. This is strong 
evidence for the view that the two-carbon-atom 
fragments left after removal of C-1 enter the 
organic acid fraction, from which C-2 is also sub- 
sequently lost. A further consideration here is 
that, whereas from C-1 malate was the only organic 
acid to become labelled (see Discussion) citrate 
(tsocitrate) and succinate were also radioactive 
when [2-4C]pyruvate and [3-\*C]pyruvate were 
supplied. 

(c) Sugars. Particular interest attaches to the 
large-scale conversion of pyruvate carbon atoms 
into sugar (principally sucrose). C-3 is a more 
effective precursor of sucrose carbon atoms than 
C-2, and C-1 is the least efficient. The incorporation 
of C-3 continues at a steady rate only for a few 
more hours than the period shown in Fig. 3; the 
maximum incorporation which was observed was 
35 % of that added in an 8 hr. experiment. By this 
time most of the added pyruvate had been utilized, 
and the subsequent changes are therefore less im- 
portant. During this time, however, some of the 
radioactivity previously incorporated into the 
sucrose is lost from this fraction. The complete 
recovery of C-1 as CO, at the end of the longer 
experiments illustrates this point and in a 24 hr. 
experiment with [3-'4C]pyruvate it was found that 
only 4-5 % of the supplied 4C was still present in 
the soluble sugars. However, at the same time 
there was a noticeable increase in the amount of 
radioactivity in the ethanol-insoluble fraction; 


Table 6. Temporary appearance of C-1 of 
pyruvate in alanine 


Samples of endosperm slices (500 mg.) were incubated 
with 2 umoles of [1-™C]pyruvate. 
Time after adding 
pyruvate (hr.) 


\ 


5 24 


Percentage of added radioactivity 58 99 
in CO, 
Percentage of added radioactivity 30 2 


in alanine 


Table 7. Distribution of “C from specifically labelled 
pyruvate in sugar produced by endosperm slices 


Percentage of C in 
carbons of glucose 


C-1, C-2, C-5, C-6 C-3, C-4 


Substrate 
[1-“C]Pyruvate 25 75 
[3-4C]Pyruvate 91 9 
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19-2% of the added C-3 was recovered in one 
experiment in this form, and at least 27 % of this 
was in polysaccharide. 

Sucrose samples isolated from 4 hr. experiment 
with [1-“C]pyruvate and [3-“C]pyruvate were 
hydrolysed and the glucose moieties separated 
chromatographically. Degradation of the glucose 
samples yielded the results shown in Table 7. Even 
after 4 hr. most of the C-1 of the pyruvate is con- 
fined to C-3 and C-4 of the hexose, and, by con- 
trast, C-3 of pyruvate does not appear in these 
positions to any extent. 


DISCUSSION 


The results show that pyruvate is readily utilized 
by all of the plant tissues in ways other than by 
simple decarboxylation. The following features of 
the results with petiole, leaf and mesocoty] are in 
accord with the view that oxidative decarboxy]l- 
ation occurs, followed by entry of the resultant two- 
carbon-atom unit into the tricarboxylic acid cycle: 
(a) the early preponderance of C-1 of the pyru- 
vate in the respired carbon dioxide; (b) the appear- 
ance of C-3 (and C-2) in organic acids of the tri- 
carboxylic acid cycle and related amino acids; 
(c) subsequent appearance of C-2 and C-3 of 
pyruvate in order, in the respired carbon dioxide. 

Several factors may be expected to contribute to 
the delay in the appearance of C-2 and C-3 as 
carbon dioxide. The first of these is the time re- 
quired for the two-carbon-atom units to undergo 
the necessary circuits of the cycle which lead to 
release of C-2 and C-3 of pyruvate. Secondly, if 
some of the intervening pool sizes are large there 
will be further delays in the complete appearance, 
as carbon dioxide, of the entering two-carbon-atom 
unit. Thirdly, to the extent that drainage of inter- 
mediates of the tricarboxylic acid cycle to form 
amino acids and hence proteins occurs, a smaller or 
larger fraction of the two-carbon-atom unit may 
never appear in the carbon dioxide even during a 
prolonged experiment. Any other reaction which 
utilizes either the two-carbon-atom unit itself, or a 
product which results from its introduction to a 
metabolic sequence, would lead to retention of C-2 
and C-3 of pyruvate. Transfer to pools in which 
turnover is not occurring should also be included 
as a likely possibility in some tissues. 

The analyses in Tables 1—4 show that the tissues 
which were used provide examples of some of the 
above possibilities. In only one tissue, the petiole, 
was the pyruvate oxidized fairly completely during 
the experimental period. All of C-1 and most of C-2 
of the pyruvate had appeared as carbon dioxide and 
the yield from C-3 was 70% and still rising. This 
tissue was one in which growth had been com- 
pleted and was not rich in organic acids. Reactions 
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leading to permanent retention of parts of the two- 
carbon-atom unit were at a minimum. 

The Bryophyllum leaf (Fig. 2a, Table 3), although 
mature, is known to have a high content of acids. 
Although there is evidence that much of this may 
not be in ‘metabolic’ pools (Stutz & Burris, 1951), 
it is clear from Table 3 that the major fate of C-3 of 
pyruvate is in fact incorporation into organic acids, 
principally malic acid and citric acid, and that this 
incorporation slowed down, by dilution, the con- 
version of this carbon into carbon dioxide. 

Production of amino acids is a major drain on the 
two-carbon-atom unit in mesocotyl tissue, which 
was in an actively elongating condition during the 
experiments. There is evidence for the passage of 
the two-carbon-atom unit through pools of organic 
acids into amino acids; the amount of C-3 from 
pyruvate in the organic acid showed an early rise 
and subsequently declined whilst the C in the 
amino acid fraction was still rising. In addition to 
the considerable incorporation of C-3 into amino 
acids, there was also a deposition into ethanol- 
insoluble material yielding radioactive amino acids 
on hydrolysis. This active production and utiliza- 
tion of amino acids accounted for the observed 
results on carbon dioxide released; the respired 
carbon dioxide was derived largely from C-1 of the 
pyruvate. 

The results from endosperm tissue show firstly 
that it can convert pyruvate into sucrose with about 
20% efficiency. However, not all of the pyruvate 
carbon atoms contribute equally to this synthesis; 
the incorporation of C-1, C-2 and C-3 respectively is 
roughly in the ratio 1:2:3 (Table 5). It is therefore 
quite clear that production of hexose by a complete 
reversal of glycolysis is not the major route of con- 
version. 

The rapid production of carbon dioxide from C-1, 
and the sharp increase to a steady level in organic 
acids from C-3 preceding the sustained incorpora- 
tion of C-3 into the sugar (Fig. 3), lead to the con- 
clusion that it is the two-carbon-atom unit derived 
from C-2 and C-3 of pyruvate which is the import- 
ant precursor of sucrose. It has already been 
established (Beevers, 1957) that acetate itself is 
rapidly converted into sucrose in this tissue and the 
utilization of C-2 and C-3 of pyruvate resembles 
closely that of C-1 and C-2 of acetate. It will be 
recalled that acetate utilization by this tissue most 
probably occurs through the reactions of the 
glyoxylate cycle (Kornberg & Beevers, 1957), and 
a similar utilization of an acetyl unit derived from 
pyruvate would go far towards accounting for the 
results observed here. 

The relatively small but highly significant in- 
corporation of C-1 of pyruvate into sucrose requires 
separate consideration. Clearly, if the only way in 
which pyruvate could contribute to sucrose syn- 
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thesis was by producing an acetyl unit, C-1 of the 
pyruvate would not be expected to appear in 
sucrose. It is therefore possible that, to the extent 
that C-1 is incorporated, the pyruvate skeleton is 
converted intact into sugar, and only the excess of 
C-2 and C-3 which is found in sucrose would have to 
be accounted for by the glyoxylate cycle. How- 
ever, this view is rendered unlikely by the finding 
(Stiller, Neal & Beevers, 1958) that during con- 
version of fat into carbohydrate in this tissue there 
is a remarkably active fixation of carbon dioxide, 
comparable with that described by Bradbeer (1958) 
in sunflower seedlings. The carbon dioxide which is 
fixed appears initially in the carboxyl groups of 
malate, and in the hexose unit it is confined almost 
entirely to C-3 and C-4. It is therefore to be 
expected that, in the [1-'C]pyruvate experiments, 
in which a rapid release of “CO, occurred, some of 
this 44CO, would be incorporated by reactions un- 
related to the actual utilization of pyruvate itself. 
Support for this contention comes from an experi- 
ment in which the incorporation of radioactivity 
from [1-14C]pyruvate into sucrose was increased 
when sodium hydroxide was not included in the 
centre well of the Warburg vessel. This view of the 
incorporation of C-1 would minimize still further 
the possibility of direct pyruvate incorporation, 
though such a conversion does occur, at what by 
comparison are feeble rates, in diaphragm tissue 
(Hiatt, Goldstein, Lareau & MHorecker, 1958). 
Certainly the present results rule out pyruvate itself 
as an intermediate in the synthesis of carbohydrate 
from acetate, and in ascending from the C-4 acid 
the entry into the glycolytic sequence must indeed 
be at the phosphoenol-pyruvate level (Krebs, 
1954). It should be emphasized that the tissue 
slices used in these experiments were actively con- 
verting fat into carbohydrate, and the ‘reducing 
power’ required in the formation of hexose comes 
presumably from the oxidation of the fatty acids. 

James & Slater (1959) have described some 
experiments on pyruvate utilization in barley 
roots and apple tissue. In neither of these tissues 
was pyruvate converted into sugars. We can con- 
clude that ‘oxidative re-synthesis’ of hexose from 
pyruvate is not a general feature of plant respira- 
tion. 


SUMMARY 


1. Micromolar amounts of pyruvate specifically 
labelled with C in the 1, 2, and 3 positions were 
supplied to four different plant tissues (castor-bean 
petiole, corn mesocotyl, Bryophyllum leaf and 
castor-bean endosperm) in order to determine the 
extent of utilization and the fates of individual 
carbons. 

2. The release of C-1 of pyruvate in the respired 
carbon dioxide occurred promptly and regularly 
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from all four tissues and from all except Bryo- 
phyllum the eventual was virtually 
quantitative. 

3. Carbon atoms 2 and 3 appeared subsequently 


recovery 


in sequence in the respired carbon dioxide, but in 
such a way as to indicate that the two-carbon-atom 
unit was undergoing very different fates in the four 
tissues. 

4. In castor-bean petiole, a fully mature tissue, 
all of C-2 and 70% of C-3 was recovered as carbon 
dioxide. 

5. In corn mesocotyl, which grew noticeably 
during the experiment, the bulk of C-2 and C-3 
were retained in the tissue as amino acids and 
protein. 

6. In Bryophyllum leaf, 
more than half of C-3 was retained in acids of the 
tricarboxylic acid cycle. 

7. In castor-bean endosperm, 
hydrates were being produced from fat, an active 


a tissue rich in acids, 


where carbo- 
conversion of pyruvate into sucrose occurred. 
Results are provided to support the conclusion 
that pyruvate was acting as a sucrose precursor 
only in so far as it was converted into acetyl units 
which entered the glyoxylate cycle. 

8. Direct reversal of glycolysis from pyruvate 


plays, at best, a minor role in the production of 
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sucrose from pyruvate; the relatively small in| 
corporation of C-1 of pyruvate is ascribed to the 
(dark) fixation of carbon dioxide into sucrose by | 
endosperm slices. 

This paper is based on work performed under contract 
AT(11-1)-330 with the Atomic Energy Commission, and we 
wish to record our appreciation of this support. We thank 
Dr Mary Stiller for her enlightening discussions and for 
much practical help. 
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